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CHAPTER I . PURPOSE AND NATURE OF THIS INVESTIGATION 
Single crystals of magnesium oxide can accommodate small 
amounts of impurities in either substitut ional or intersti-
tial positions of the crystal l attice . In addition, many 
transition metal ions have radii near enough to that of 
magnesium(II) to be accommodated in the l attice . However, 
the presence of these impuri ties has a strong influence on 
many of the physical properties of single crystals such as 
the ionic conductivity, optical absorption, dielectric loss 
and h igh temperature creep . If the impurity has a valence 
d ifferent from the valence of the main constituent of the 
crystal the effect is particularly strong . 
The determination of these impurities at a trace leve l 
is therefore very important to the understanding of the 
properties of magnesium oxide crystal s . While other groups 
may be interested in the optical absorption and dielectric 
l oss, the High Temperature Ceramic s Groups of Project Themis 
i s interested in studying the ionic conductivity and high 
temperature c r eep mechanisms of single crystals of magnesium 
oxide . Of primary interest are techniques by which MnxO may 
be diffused into magnesium oxide to alter i ts c r eep resist-
ance . 
While magnes ium oxide samples could be analysed by 
current l y availab l e analyt i cal me thods , neutron activation 
analysis is particul arly· attractive because of i ts excellent 
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sensitivity to most trace impurities , the favorable nuclear 
characteristics of the MgO matrix and the ability to non -
destructively analyse the specimens, 11 a s is 11 , from the high 
temperature creep test laboratory . 
While an act i vation analysis technique for MgO has been 
developed ( 30 ) it involves destructive wet chemistry . This 
i nvestigation provides a non-destructive, instrumental 
t echnique taking advantage of the recent improvements in 
gamma detection equipment, namely t he high resolution Ge ( Li ) 
detector and its associated high stability amplifier . In-
cluded i s a description of the activation analysis techniques 
i nvol ved , a comparison of the older NaI (Tl ) versus the newer 
Ge ( Li) system, a comparison of the qual itative r esults with 
those of an emission spectroscopic analysis, and a comparison 
of t he quantitative results with those obtained elsewhere 
f or sampl es of MgO provided by different manufacturers . 
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CHAPTER II . PRINCIPLES OF ACTIVATION ANALYSIS 
Activation analysis is a method of elemental analysis 
based on the formation of radioactive nuclides as a net result 
of reactions between nuclear particles and the isotopes of 
the e l ements of interest. When activated, an i sotope may 
produce a characteristic radiation, typically a gamma ray, 
which can be us ed to identify it. Furthermore , the amount 
of r adiation emitted will be in proportion to the amount of 
the isotope present . Activation may be accomplished through 
the use of neutrons, protons , deuterons, alpha particles, or 
high energy photons . 
The neutron of thermal energy ( 2200 m/sec ), however, i s 
the most commonly employed particle in activation analysis 
for t he following reasons : 
1) Most materials have a large cross section for 
thermal neutrons. 
2 ) High "thermal " neutron fluxes ( 1013 n/cm2sec or 
greater) are readily avai l able in many r esearch reactors . 
3) Radiative capture is practically t he on ly nuclear 
reaction that can take place at thermal energy enabling the 
radioisotopes formed to be isotopic with the target elements . 
The radiative capture (n ,y) r eaction is one in which the 
target nucleus captures a neutron and gains one unit in 
at omic mass . The r esulting nuclide, a heavier i sotope of the 
activated element, wi ll usually be radioacti ve and will decay 
I 
r 
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by emitting beta particles and gamma r ays . 
Since thermal neutrons ( 2200 m/sec) exist in a nuclear 
r eactor as the result of the random slowing down of the epi -
thermal neutrons born in fi ssion , an irradiation in such a 
r eactor exposes the sample to a spectrum of thermal and epi -
thermal neutrons . A measure of the epithermal to the thermal 
neutron flux can be determined by activating two foils : one 
cadmium- covered ; the other, bare . The cadmium has a very 
l arge cross section f or thermal neutr ons which cuts off 
sharply above 0.4 ev, hence the cadmium- covered activation 
i s due almost entirely to neutrons above this energy . The 
ratio of the bare activation to the cadmium- covered activation 
is known as the cadmium r atio , and shown by 
= 
Total flux ( thermal plus fast ) 
Epithermal flux 
In some i sotopes fast or epithermal neutrons can induce 
(n,p), (n,n ) , (n,2n ) r eactions a s illustrated in Fig . 1 . 
parent 
n,2n nucleus n,y z = numbe r of protons 
N = number of neut r ons 
z 
n,p 
n, a 
N 
Fig . 1 . Fast neutron capture reactions 
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The rate at which the se fast r eactions occur is a function 
of their energy- dependent cross sections , the specific iso-
tope involved, and the energies of the incident neutrons . 
These fast reactions can be either an aid or a hindrance 
i n activation analysis . They can provide a sensitive way of 
analyzing for a nuclide, especially when their fast cross 
sections are l arge and the thermal (n,Y) reaction either 
l eads to interference with another nuclide or has a small 
cross section . Interfer ences could be in the form of multi-
ple gamma rays at the same energy but from different nuclides 
or in the form of high background activity masking the desired 
gamma r adiation . In either case i t would be difficult or 
impossible to identify or determine the amount of the nuclide 
of interest which l S present . 
I n other instances these fast reactions can be undesir-
able . An irradiat i on in a "thermal" r eactor f lux to produce 
the '(n , y) reaction can r esult in fast as we l l as thermal 
r eactions . These reactions occur because , as discussed 
earlie r, a "thermal" reactor flux contains a spectrum of both 
thermal and epithermal neutrons . Choosing a r eactor irradi -
ation l ocation with a high cadmium ratio can r educe these 
fast r eactions. 
While activation ana l ysis may be based on the detection 
of gamma rays, beta particles or X rays ; gamma ray spectro -
metry is typical l y used . Gamma r ays may inter act with matter 
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by the Compton , photoelectric, and pair production effects 
( 18, 21 ). I t is these interactions betwe en photons and the 
scintillation ( 18) or solid state ( 36) detector that produce 
the characteristic gamma ray spectrum of each radionuclide , 
a t ypical example of which is shown in Fig . 2 . 
In photoelectric absorption the major part of the 
energy of the quantum may be absorbed by a bound electron of 
an atom . A certain amount of energy is needed to overcome 
the binding energy of t he atom separating the e l ectron . I f 
the energy of the i ncident gamma ray photon exceeds the 
binding energy of ,the K shell, the interaction will be 
primar i l y with that she l l . The atom is then left with a 
vacancy in t hat she l l which results in the emission of X 
r ays or Auger e l ectrons . Generally these quanta are immedi-
ate l y absorbed by a second photoelectric effect , and the 
full energy is absorbed within the detector . I f this were 
t he only effect , t he f u l l energy of the incident photon 
would a ppear as a sharp photoe l ectric or fu ll-energy peak . 
I t i s not possible to obtain photoelectric absorption 
alone . In the accompanying Compton processes , the incident 
ph0tons are scattered by free electrons transferring part 
of their energy to t he e l ectron . The amount t r ansferred 
depends upon the angle of scattering and the energy of the 
i nc i dent photon . The energy of the scattered photon and 
electr on are given by the following relationships : 
0 
a> 
U1 
'-... 
U1 
+:> 
§ 
0 
0 
0.25 0.50 
escape 
~peaks-~--.'lo. 
0 . 75 1.00 
Ener gy (Mev) 
Fig . 2 . A typical gamma ray spectrum of 2 . 3 min A128 
full 
. 25 1.50 
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= 1 + Eo(l-cosG) 
= 
where 
Ey = incident gamma r ay energy, 
Ee = scattered electron energy, 
Eo = Ey/mc2 , 
G = ang l e between the direction of the primary and 
scattered photons . 
These relationships show that a Compton e l ectron energy 
spectrum will result extending from zero energy at G· = o0 
to a maximum energy, at G = 180°. This maximum energy can 
be seen on the typical spectrum in Fig. 2 as the Compton 
( 1) 
( 2 ) 
edge . Often the scattered photon will undergo an immediate 
photoelectric absorption so that the sum of it plus t he 
Compton scattered electron will produce a full-energy peak . 
If the incident photon has energy in excess of the rest 
mass of a positron- electron pair (1. 02 Mev ) , then pair pro -
duction is possible . Upon interaction, which must occur 
within the coulomb field of the nucleus , the incident photon 
loses 1 . 02 Mev of energy and a positron-electron pair is 
created . The positron combines readily with any available 
electron producing two 0.51 Mev annihilation photons . If 
both of these photons escape from the detector, the incident 
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photon appears in the spectrum.as an 11 escape 11 peak at an 
ene r gy 1 . 02 Mev below the actual energy. Similarly if only 
one annihilation photon escapes , an escape peak 0 . 51 Mev 
be l ow the actual energy will be observed ( See Fig . 2) . 
The total probability of detecting a gamma ray i s the 
sum of the probabilities for the photoelectric , Compton , 
and pair-production processes . At energies up to 0 . 5 Mev 
the photoelectric process is most probable. At energies 
between this and approximately 2 Mev the Compton process is 
most probabl e, and above this the pair production process 
becomes dominant . 
Al though a ll parts of the spectrum are characteristic 
of a particular energy gamma r ay, only the ful l -ener gy peak 
areas are normally used to identify and measure a particular 
radionuclide . 
Typically, the spectrum of inte r est is made up of several 
component spectra so that th e full-energy peaks stand on the 
background and on the Compton continuum of not only their 
own spectrum, but on those of othe-rs as well . In spite of 
this, methods can be used t o dete rmine the actuall full - energy 
peak areas . The Covell method5 cons i sts of l ocating the full-
energy peak center and including all the counts within ~E on 
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e ither side of it. The background is approximated by a 
straight l ine connecting the two ~E points on the fu l l - energy 
peak as shown in Fig. 3. 
counts 
sec 
Ecenter energy ( Mev ) 
Fig . 3 . Full-energy peak area determination by Covell 
method 
A second me thod ( 30 ) consists of summing the area above a 
s t raight l ine connecting the feet of the full - energy peak 
a s shown in Fi g . 4. 
coun ts 
sec 
energy (Mev ) 
F ig . 4. Ar ea dete r mination by subtract i on of background 
under ful l-energy peak feet 
Both of these methods result in a systematic error ( shaded 
areas in Fig . 3 and 4 ) which is appr oximate l y equal f or each 
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sample and may be cancelled out i n the comparitor calcula-
tions to be discussed l ater . If the r atio of peak height to 
background is the same , then the comparison method will work, 
but if not , it will not because different fract i ons of peak 
areas will be r emoved and tl1e error in ba ckground determina-
t ions will have different effects on the two spectra . 
Because gamma r ay emis s ion and detection are statistical 
phenomena, a spectrum of raw data that should plot as a smooth 
curve usually does not . Smoothing techniques which can reduce 
s tat i s tical deviations often make both full - ene r gy peak energy 
and area dete rminati on easier and more accurate . To further 
enhance accuracy , the full-energy peak may be f i tted with a 
gaussian us ing a l east squares technique ( 18 ), and j.ts area 
may be computed from the fitted height and width . Since the 
calculations involved are tedious, they are u sually done with 
a computer {Appendix A) . 
Ut ilization of the nuclear properties of an element 
r ather than the atomic or chemical properties is the principal 
difference between a ct ivation analysis and other analytical 
techniques . I t has t wo major advan tages : First i s its 
ext reme sensitivity to most elements . Second, it need not 
destroy or, in most cases , even alter the sample ana lyzed . 
In general, ac t ivation analysis , with a sensitivity as high 
as 10 ppb, r anks slight ly belm1 spectrometry and mass 
spectrometry techniques for qualitative analysis. However, 
i t i s superior in quantitative accuracy . 
( 
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The principal disadvan t age is the high cost associated 
wi th the neces sary facilities , including the sophisticated 
multichanne l analyzer, de tec t or counting cave, and irradi-
ation facilities . In addition, because of the r ad ioactivi t y 
involved , trained Health Physics personne l are required . 
The activation and decay phenomena upon which neutron 
activation analysis is based can be explained t hrough the 
u se of mathematical equations . These equations are developed 
i n detail by various authors) including Koch (24 ) and 
Fried l ander , Kennedy, and Miller ( 15 ). 
During an irradiation the rate of formation of a partic -
ula r activation product , Rp, is given by the following 
e quation : 
= ¢n cr = 
i n which 
n = the number of tar get atoms , 
¢ = t he neu tron f l ux ( n/cm2sec ), 
( 3 ) 
m = the mass of the target e l ement under considera-
tion (gm ) ' 
~1 = the atomic weight of the element under con -
sideration (gm/gm atom), 
f = t he f r actional isotopic abundance of t he 
nuclide, 
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= Avagadro ' s number ( atoms/gm atom)J 
= the reaction cross section ( cm
2/nuclide ). 
The .rate of decay of this activation product at any given 
time is given by 
in which 
N = the number of atoms of the activation product 
present ) 
= the decay constant of the nuclide ( sec - 1 ). 
The overall rate of formation of the product nuclide 
during irradiation is given by 
dN 
dT = = 
( 4) 
( 5) 
The disintegration rate of the activation product at a 
.given tim~ after the end of the irradiation is given by 
integrating Equation 5 . 
= 
in which 
mN0fcr~(l-e-Ati)e-Atd 
Aw 
ti = the duration of.the irradiation in secJ 
( 6) 
ta = t h e elapsed time between the end of the irradia-
tion and the time of the count in sec . . 
For sufficiently l ong irradiations the e - Ati term approaches 
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zero and the disintegration r ate approaches a maximum . 
= 
Therefore Equation 6 becomes 
D(t ) = 
where 
( 1-e - Ati ) = t he saturation factor . 
This satura t ion factor may be plotted as shown in Fig . 5 . 
H 
0 
..µ 
() 
m 
4--l 
s::: 
0 
..-i 
..µ 
m 
· ~ 
..µ 
m 
ti) 
100 
50 
0 1 2 3 4 5 
irradiation t ime (half-lives ) 
Fig . 5 . Saturation factor versus irradiat i on t ime 
( 7) 
( 8 ) 
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Note that f or the first 0 . 5 half - lives the incr ease in 
the sat uration factor is approximate ly linear . Thereafter, 
it tend s to level off un t il i t approaches saturation at 
approximate l y six half-lives . 
I f the sample is allowed to decay for a time ta sec 
15 
and is then counted . f or tc sec by a detection system of 
efficiency 6, the number of counts recorded can be found by 
integrating Equation 6 over the counting period and multi-
plying it by both the efficiency and a source -to-detector 
geometry fac t or G. 
c = G oD00 ( 1 -e\ti ) e - Atd ( l -e - ~tc) 
I-
( 9 ) 
Here , C is the number of counts rec orded which typically, in 
gamma ray spectrometry, is proportional to the f u l l energy 
peak area by a peak-to- tota l ratio . Equation 7 is used for 
n~ , and a peak- to- total ratio P is applied, Equation 9 may 
be written 
A = 
a PG ornNof¢( 1 - e - Ati ) e - Atd ( 1- e - Atc ) 
Aw A (10 ) 
< 
where 
A = f u l l-energy peak area . 
Equation 10 may be rearranged into the fol lowi ng con-
veni ent form for calculating the sens i t ivi t y for detection 
of an eleme nt under a specifi ed se t of irradiation and 
detection conditions . 
m = ( 11) 
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in which 
m = mass of element (gm), 
~in = minimum full-energy pea le area consistent with 
acceptable c ounting statistics . 
The other terms may be inferred from earl ier definitions . 
Counting statis tics are based on the random s tatistical 
process of gamma ray emission . The accuracy of a count or 
full - energy peak area may be given by A ± ~ where a is the 
standa rd deviation . 
( 12 ) 
While it is obvious that the accuracy improves with the 
numbe r of counts accumulated , a longer counting interval may 
not be the answer. When the comparison method of analysis 
is used, two samples must be counted before the activity dies . 
For the purpose of this study, the maximum counting 
inter val was one -hal f of the hal f - life of the activity of 
the nuclide of interest. If this i nterval was not sufficient 
to gi ve a standard deviation less than 5% of the count, i . e . , 
an accumulated count of 400 above background , a higher 
integrated flux was used to increase the count ra te . 
Neu tron activation analysis may be carried out by either 
t he absolute method or by a comparitor method . The absolute 
method us ing Equation 11 r equires an accurate knowledge of 
the detec tor efficiency, the counting geometry factor, the 
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peak-to- total ratio , and the absolute disintegrat ion rate . 
The disintegration rate in turn r equires accurate information 
about the neutron flux, the activation cross section of the 
target nuclide , and t he half-life of t he radionuclide pro-
duced. 
This method i s little used because the measurement of 
the actua l neutron flux is rather difficult, and the acti -
vation cross section s f or mos t nuc lides are not known to a 
suitable precis ion . Furthermore , Equations 6 and 8 assume 
that the neutron flux i s constant throughout the sampl e 
matrix . This may not be true, especially in a matrix where 
nuclides with high neut ron absorption cross sections are 
present . These nuclides may attenuate the neutron flux 
within the matrix caus ing the inner atoms to experience a 
smaller flux than those on the surface . This self - shie lding 
effect i s r e lated to the sampl e ' s geometry . This self-
shielding problem ma y be minimized by r educ ing t he size of 
the sample , and while it can be determined by semi-empirica l 
calculations ( 35 ), it mus t u sually be determined experi-
ment ally . 
The above problems are u sually overcome by using the 
comparitor me thod of act ivat i on analysis . The comparitor 
method does not r equire either an accurate knowledge of 
the neutr on flux or the activation cross section. Instead, 
a standard or set of standards i s irradiated simul taneously 
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with the sample and i s counted under the same conditions . 
Using only the counts in the full-ene1'gy peak and correcting 
f or a slight difference in decay- time plus any difference 
in counting time) most of the terms in Equation 10 cance l , 
and the specific fu ll-energy peak area of the activity of 
interest in the standard is equal t o the specific full-
energy peak area of the activity in the unknown. 
= (13 ) 
The above relationship implicitly assumes that the neutron 
flux experienced by both the sample and the standard is the 
same . To i nsure that a f l ux gradient does not expose the 
unknown and standar d to different dose rates , they should be 
placed i n close proximity of one another , preferably along 
a n equiflux line . I n regions whe re the flux gradient is 
s teep, it may be necessary to rotate the samples about one 
another during irradiation t o insure equal exposures. In 
the case of a matrix that exhibits considerable self- shielding, 
the comparator standar d shoul d ideally have a matrix of the 
same size and composition as t hat of the sample (31). 
The precis i on of the ffiu deter mination can be found by 
applying t he propagation of errors theory (31) t o Equation 
10 f or both t he sampl e and the unknown. 
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'\. , 
( 14) 
Certain of these terms are by definition corrunon to both 
the· sample and unlmown. Among these are Avagadro ' s number, 
the detector efficiency, the peak-to-total ratio, the iso-
topic abundance, the half-life, the irradiation time, and 
the cross section . When these are canceled, Equation 14 
becomes 
= ( 15 ) 
Each term on the right hand side of Equation 15 may be 
+ expressed as a measurement, weight, or count - an uncertainty . 
For example , the mass of the standard may be expressed as 
ms ±· bms where t he uncertainty nms may be defined as one 
half the smallest division of the balance . Applying propa~ 
gation of errors theory to Equation 15 results in the 
(16) 
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in which 
the full-energy peak ratio , 
Au + A = - - u 
As As 
(17) 
the counting geometry ratio , 
= (18) 
the flux ratio, 
¢R ± A¢R = :: + :: (A:: r + t:~ ) 2 (19) 
the self-shielding ratio, 
= ( 20) 
the decay ratio, 
= 
( 21) 
and the counting ratio, 
( -X tc ) 1-e s 
(1-e-xtcu ) 
2 
1 ± 
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The meanings of other symbols may be inferred from past 
definitions . 
Activation anal ysis can be performed either destruc-
t ive l y in a 11hot 11 l aboratory or nondestructively by strictly 
i nstrumental techniques . The nondestructive instrume ntal 
t e chniques were ch osen . 
Instrumental a ctivation analysis relies on being able 
t o resolve the induced activity of the sought e l ement from 
all other activi ties i n the matrix . It was made effective 
by the advent of high r esol ution Ge (Li ) detector s . While 
the detection efficiency of Ge ( Li ) detectors i s l ower than 
that of t he ol der Na ( I ) detectors , the resolu t i on i s so much 
be t ter (3 .3 Ke v at 1333 Kev ver su s 4 . 8% (FWHM ) f or Na ( I ) 
detectors ) t hat even a compl ex spectr um may be re so l ved into 
i ts c omponent e lements by gamma spectrometry . Ther e are 
cases i n which t he char acter istic gamma radi ation f r om a 
nucl ide may be mas ked by identical gammas f r om another 
nuc l ide or group of nuc lides . In these cases judicious use 
of their di fferent half - lives can usually separate them, or 
one or more of the i nterfer ences may be i dent ified allowing 
i ts s pectrum t o be mathematical l y or mechanica lly stripped 
away fr om t he c omposite spectrum . 
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CHAPTER III. EXPERIMENTAL FACILITIES AND EQUIPMENT 
I rradiation Facilities 
The preliminary irradiations were obtained in the Iowa 
State University Training Reactor (UTR-10) . This is a 
heterogenous , t ank-type reactor which is water-cooled and 
moderated with light water and graphite. The total u235 
content of the core is 3 kg enriched to 90% . A pneumatic 
r abbit tube which terminates agains t one of the two core 
tanks permit s convenient access to the high neutron flux 
region during operation. This reac tor can at maximum power 
' 
provide a ·f l ux of approximate ly 7 , 0 x 1010 n/cm2sec . The 
cadmium r atio at this location is approximately 5 . 0 .
1 
Later in the investigation when . a higher flux and 
cadmium rat io were deemed necessary, sampl es were irrad i ated 
at the Ames Laboratory Re search Reactor (ALRR ). This i s a 
5 mw tank-type reactor cooled and moderated with heavy wate r 
and fue l ed with elements of 93% enriched u235 disper sed in 
a nd c l ad with aluminum . The r eactor core assembly consists 
primarily of the fuel e l ements with in a tank fil l ed with 
heavy water which, in turn, i s surrounded by a sta inless 
stee l thermal shield within a tank fil l ed with l ight water . 
A total of 35 experimental facilities , including radiation 
1Danofsky, Richar d , Iowa State Univers i ty , Ames, I owa . 
Flux and cadmium ratio measurements of UTR-10 r eactor . 
Private communication. 1969 . 
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ports, beam tubes , vertical thimbles , rabbit t ube , and a 
the rma l column penetrate the concrete shielding to permit 
access to the reactor core for irradiation. The facilities 
u sed in this investigation are shown in Table 1 . 
Table 1 . Specifications of ALRR facilities used to 
irradiate MgO samples 
Description 
Desig-
nation Flux Cadmium r atio 
Rabbit tube R-3 3.4 x 1013 n/cm2sec approx . 20 
Rabbit tube R- 5 3 x 1013 n/cm2sec approx . 20 
Rabbit tube R-6 8 x 1012 n/cm2sec approx. 20 
End of thermal TVl 6 x 1010 n/cm2sec approx . 1000 
column 
The rabbi t tubes pass tangentiallytothe reactor core 
making the flux gradient along the l ength of a rabbi t approx-
imately ze r o but producing a s lightly negative gradient 
across the diameter of the rabbit . · 
To facilitate the handling of samp l es with short half-
lives , the rabbi t tubes R-3 or R-6 a bove can delive r the 
sample t o a r eceiving room while simultaneously tr iggering 
a time r. The r eceiving room is in the vic inity of the room 
containing the gamma r ay spectrometer system . 
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Gamma-Spectrometer System 
Radioactivity measurements in this study were done with 
t wo gamma ray spectrometer systems . A short half-life 
qua l itative study was done with an Ames Lab Ge (Li ) spectrom-
eter system consisting of a Radiation I nstrument Development 
Laboratory (RIDL) transistorized 1600 channel analyzer 
counting from a Nuclear Diode Mode l LGC-3 . 5X Ge ( Li) detector . 
The detector , which i s trapezoidal , has an active area of 11 
cm2 . · Its peak effi c i ency r e l at ive to NaI is 3 . 5% while t he 
r esolution is 3 .48 Kev for the Co 1. 33 Mev photon . 
Ana.l yzer system 
Most of the r adioactivi ty measurements were done on 
the Nuc l ear Data 2200 multichanne l analyzer system shown i n 
Fig . 6 , . 7, 8 , 9 , and 10 . This system consists of a 4098 
channe l anal og- t o- di gital convertor , 1024 channel memory, 
_a ca~hode r ay tube di splay, a tape transport fo r rapid 
storage of dat a , a data/ reduce integrate unit , a Te l etype 
typewriter with a paper punch , and the associated control 
c ircuitr y for automatic or manual operation of the sys t em . 
Counting was done in a Heath type ( 18 ) shield or cave 
a s illustrated i n Fig . 7, 9 , and 10 . The shie l d is con-
s t r ucted of lead 4 in . t h ick and has i nside dimensions of 
32 in . x 32 in . x 32 i n. I ts i nside surface is cove r ed with 
0 . 30 in. of cadmium which i n turn is covered with 0 . 015 in . 
of copper . The l ead acts to shield the detector from extr a -
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Fig . 7. Gamma .ray spectrometer system 

Fig. 8 . Analyzer system 

Fig . 9 , Heath type cave, Ge(Li) and NaI(Tl) detectors, and sample holder 
> 

Fig . 10. Close up of rotating sample holder and the Ge(Li) and NaI(Tl) detectors 
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neous background radiation; the cadmium and copper suppress 
the l ead X rays produced from photoelectric absorption in 
the shield; while t he l arge internal dimensions r educe the 
backscatter of the gamma rays from the shield walls . 
The sample was held at an appropriate counting distance 
from either detector by a calibrated adjustable sample hold -
ing device as shown in Fig . 9 and 10 . To eliminate differ -
ences in the counting geometry between samples of different 
physical configuration, the sample was rotated during count -
ing by a 60 rpm synchronous motor a s shown in Fig . 10 . Except 
for t he affect of the spacial variations of detection 
efficiency , rotation makes the center of the sample appear 
t o be at the axis of rotation , regardless of shape . 
Two different detectors with their associated preamps 
and amplifiers were used : one, a scintillation ; the other, 
a lithium-drifted germanium device . A compl ete l isting of 
all components i n t his system and their ser ia l numbers may 
be found in Appendix D. 
Scintillation detector 
The scintillation detector is a 3 in . x 3 in . diameter 
c rystal NaI (Tl) manufactured by Harshaw Chemical Company and 
mounted on a RCA 8054 photomult iplier tube . I t is shown in 
the bottom of Fig. 9 . Measurements indicate this detector 
has a resolution of approximately 7 . 3% for the Cs - 137, 0 . 662 
Mev photons, and an efficiency versus energy curve as shown 
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in Fig . 11. 
It may be noted that the curve obtained from the 
described system is lower than that found by Heath . Heath ' s 
curve is based on a 10 cm source-to-detector distance . 
Desiring to ma ke the data in Heath ' s gamma ray spectrum cata-
log valid for the described system, the source-to -detector 
separation was also set at 10 cm . Since the radiation seen 
by a detector is inversely proportional to the square of the. 
source - to-detector separation, the l ower curve suggested a 
gap between the detector face and the scintillation crystal . 
To check this possibility, the crystal was X rayed at the 
University Hospital, and the results showed the scintillation 
crystal lay 0.45 cm .below the crystal face increasing the 
nominal 10 cm source -to-detector separation to 10 .45 cm. 
Calculations indicate that this could cause a 9% lower 
efficiency. 
Since the NaI detector will detect beta as well as 
gamma r adiation, it is necessary to prevent the beta parti-
cles from entering the detector . Pat terned after Heath ' s 
system, a beryllium metal absorber, 0 .65 cm thick, was placed I 
on·the crys tal face as a beta absorber . 
Lithium-drifted germanium detector 
The ORTEC 8200 Ge ( Li) detector is a 31 . 8 mm diameter 
3 coaxially drifted device with an active volume of 21 . 7 cm . 
The measured resolution is 4. 5 Kev at 1333 Kev while the 
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Fig. 11. Detector efficiency vs energy curve, (NaI) detector 
37 
measured "efficiency" ranges from 8% at 360 Kev to 3 . 5% at 
1333 Kev . As is common with Ge(Li ) detectors, this ~ffi ­
c iency is rel ative to that of NaI at a given distance and 
energy . I n this case it is relative to the efficiency of 
the NaI detector used as described above. To minimize the 
detector- to - preamp cable capacitance in an attempt to achieve 
the h ighest possible reso l ution, the matching ORTEC 118A 
preamp is mounted directly to the cryostat as shown in Fig . 
12. The preamp feeds the Nuclear Data mut l ichanne l analyzer 
through an ORTEC 435 ampl ifier as shown in Fig . 6 . To pro -
vide the recommended 3000 v oper ating bias, a Fluke 405 B 
powe r supply was used. Since the detector must be kept at 
l i qu i d nitrogen temperature , it is provided with a 16 liter 
dewar which holds approximately a 9 -day supply . 
The Ge (Li ) detector enters the Heath type cave ( 18) 
-
t h r ough the center of the l eft wal l and i s positioned in 
the center as shown i n Fig . 9 . 
Data handling 
The data from the multichannel anal yzer i s read out 
through a Te l etype printer and paper punch. Because each 
spectr um contains from 256 to 1024 s i x digit numbers , it 
is obvi ous that analyzing this data by hand would be tedi -
ous ly time consuming . 
A computer pr ogram or set or programs meeting the 
foll owing criteria was needed : 
Fig . 12 . A typical Ge ( Li ) detector, cryostat , and dewar 
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1) Compatibility with the IBM 360/65 system; 
2 ) Capability of analyzing data to find the ph oto-
peaks , their energies, and their areas; 
3) Capability of producing plots of spectra; 
4) Capability of handling multiple spectra ; 
5 ) Adaptability to spectra of different l engths . 
After reviewing several existing programs, including Resolf 
( 25) and Alpha (44 ), and considering the task of writing one; 
a suitable program entitled ICPEAX-7 (Appendix B) \\las ob-
tained . ICPEAX-7 requires data in the form of punched cards 
or a 7-track magnetic tape. In its present form the tape 
input is limited to 1600 channel data, while the card version 
wil~ accept any data up to a preset limit. Since our data is 
in 256, 512, or 1024 sets, the card version was chosen. 
To handle the obvious problem of converting the data 
from punched paper tape to cards, three methods are available : 
1) Key punching from the hard copy output; 
2 ) Conversion from punched paper tape to punched card 
using the IBM-47 convertor at the I.S.U . Synchrotron facility; 
3 ) Conversion from punched paper tape to magnetic tape 
u sing the facilities at the I.S .U. Cyclone Computer Center . 
The magnetic tape can be u sed to feed the data to t he IBM 
360/65 which will, with the program "PRESTO" (Appendix B), 
punch the data on cards in a suitable format . 
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CHAPTER IV. QUALITATIVE ANALYSIS 
The qualitative analysis was divided into several 
parts ; the first of which was a study of the feasibility 
of using instrumental neutron activation to analyse a 
magnesium oxide crystal . Included were a study of the 
nuclear and physical properties of the magnesium oxide, a 
safety analysis both with respe~t to the reactor and the 
expePimenter , and a study of the nuclear properties of the 
i mpurities expected . Pr eliminary irradiations pointed out 
problems with sample contamination and fast reactions . 
Furthermore, these irradiations provided an opportunity to 
check out the detector- analyser system and develop experi-
mental techniques. ·The technique used in the qualitative 
analys i s was to begin with a short irradiation at a low 
flux , counting the sample immediately after irradiation, and 
c ontinuing t he count until all activity had subsided . This 
procedure was repeated at higher and higher neutron flux 
doses until a maximum irradiation of approximate l y 4 x 1017 
nvt was used. At the higher irradiation levels , counting 
was de l ayed for several days to allow short lived activities 
t o decay . 
Properties of Magnesium Oxide 
Periclase, wh i ch in Greek means "beyond breaking 11 , i s 
t he minerological name for magnesium oxide . It i s a high 
42 
temperature refractory material characteri zed by a strong 
ionic bond between the divalent magnesium and oxygen. atoms . 
Magnesium oxide has a r ock salt structure and its deviation 
from stochiometry is so small that i t has not been measured . 
Some of the physical and nuclear properties of magne sium 
oxide are listed in Tables 2 and 3. 
Sing l e crystal s of magne s ium oxide can accommodate 
small amounts of impurities in either subs t itut ional or 
interstitial positions in the crystal l attice . Furthermore , 
many transition metal ions have radii near enough to magne -
sium' s to be easily accommodated . These impurities may have 
a strong influence on t he physical properties of a single 
crystal such as ionic conductivity, optical absorpt ion , 
dielectric loss , and creep properties . 
I t is apparent from Tables 2 and 3 that magne sium oxide 
is a f avorable matrix for ac tivation analysis because the 
oxygen is virtually ine r t to thermal neutrons , and· the mag -
ne s ium produces only short - lived isotopes . 
Safety Considerations 
Magnesium oxide i s physical ly stable , nonflamrr~ble and 
nontoxic so t hat the only hazard stems from t he neutron 
induced radioactivity . To protect the reactor and experi-
ment er from hazardous radioac tive contamination, the samples 
were encapsulated in snap-top polyethylene vials which 
during irradiation w8re seal ed in polye t hylene enve lopes . 
Table 2 . Physical properties of MgO 
Element Form 
Molecular 
weight 
Density
3 gm/cm 
Melting 
point 
Boiling 
point Solvent 
Magnesium oxide 
( MgO ) 
crystal 40.31 
Table 3. Nuclear properties of MgO 
Abundance 
Element (%) 
26Mg 11.29 
78 . 60 
Reaction 
n,y 
n,p 
Product 
nuclide 
3 .58 
Cross 
section 
( barns) 
0.027 
0.19 
2800°c 3600°c Boiling 
Half -
life of 
product 
9 .46 min 
14.97 
phosphoric 
acid 
y ra¥ 
(Mev) 
0.84 
( 70%) 
1. 37 
( 100%) 
1.013 
(30%) 
2.75 
(100%) 
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The possibility that radiation heating in the magnes ium oxide 
crystal might cause the capsule to melt was considered . 
Because magne s ium has a small nuclear cross section this 
possibility was j udged r emote while experiments at in-
creasing flux doses ve r ified that no heating problem existed . 
The limiting factor appeared to be radiation damage in the 
polyethylene at i ntegrated neutron fluxes greater than 4 x 
1017 nvt . 1 For thi s r eason , the irradiations in this work 
were r estricted to l ess than 4 x 1017 nvt. 
In addition to the above precautions , all samples were 
r outinely monitored by Health Physics after irradiation and 
stored in a l ead chamber when not in use . I rradiated samples 
wer e hand l ed with either rubber gloves or forceps to prevent 
contact with the experimentors skin and a ll radioactive 
samples or their containers were plainly marked with the 
appropriate warning . 
Development of Technique 
Qualitative activation analysis involves a binary decision . 
Either an element i s or is not detected . In practice , the 
analysis may be confused by a number of factors i nc luding 
several nuclides emitting the same or approximately the same 
energy garruna rays, contamination of the sample pri or to 
1 Link, Bruce W. , 225 Reactor, Ames Lab, Ames , Iowa . 
Sample preparation . Private corrununication . 1969 . 
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irradiation, or nuclides present in trace amounts approaching 
t he sensitivity of the analysis and competing fast reactions . 
In addition, it is very difficult to analyse for nuclides 
whose activity has a half-life of the same order of magnitude 
as that of matrix elements . 
Removal of surface contamination 
Since surface impurity concentrations may confuse the 
analys is , it was necessary to perfect cleaning techniques 
for both the samples and the encapsulation container . 
I nitially, acetone had been u sed to wash or rinse these 
items , but experiments showed that acetone was not able to 
consis tentl y r emove the NaCl contamination from finger-
prints. This could be expl ained by acetone ' s inability to 
r emove g r ease effectively . 
The problem was divided into two parts : firs t , to find 
a suitable cleaning agent for t h e MgO and second , to find 
one for the polyethylene capsules . Afte r sear ching for a 
precedent , it was found that phosphoric acid had been used 
in t he past on MgA1204 Spinel cr ystals . 5 
One effective way to c l ean t he crystals is to r emove 
the surface containing the contamination . This etching may 
be done either before or after the irradiation . I f done 
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after, the contamination introduced by the etching agent is 
of no concern since it will not be activ~ted and hence will 
not be detected. The primary concern is that all surface 
contaminants be removed exposing only virgin crystal . This 
process has the obvious shortcoming that r adiochemistry is 
involved requiring a hot l ab . Since no hot lab was con-
veniently available, this technique was abandoned in favor 
of etching before irradiation . 
Again it i s of primary importance that all of the sur -
face contaminants be removed ; and, in addition, that the 
etching agent, which itself may contaminate the crystal, be 
r ad i oactively inert so that it does not affect the analysis . 
Experiments measuring the weight loss of an MgO crystal 
boiled in phosphoric acid confirmed that it is etched by the 
acid . Furthermore , the phosphorous contamination which may 
take place during the etching should present no problem 
. 31 
because the 15P isotope which comprises 100% of naturally 
occurring phosphorous does not emit v-radiation upon activa-
tion and hence will not be detected . Special precautions , 
discussed later in this section , were taken to insure that 
samples, once etched , would not be contaminated before or 
during the irradiation . 
The polyethyl ene ~apsules , it was found, could be effec -
tively cleaned in approximately 7M nitric acid . Other l ess 
satisfactory techniques inc luded t riply rinsing the capsules 
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i n acetone, ether, alcohol , and tri chloroethylene . The tech -
n ique adopted consists of stirring the capsules in nitric 
a cid for 5 min, r emoving them with ~ glass rod, and stirring 
t hem in distilled water for 5 more min . They are then heated 
i n an oven at 80° C for several hours until dry . An experi -
mental activation confirmed that this cleaning technique 
i s effective in removing contamination . 
Prep~ration of the MgO sample 
In searching for a sui table physical form i n which to 
anal yze the c r ystal by activation, the following factors were 
considered : 
1) Se l f - shielding , 
2 ) Possibility of contamination of the sample, 
3) · Ease of c l eaning surface contami nants from the 
s ampl e , 
· 4) Ease of preparing the sample , 
5) Ab i l ity to analyze a sampl e i n the f orm u sed by 
o t he r r esearch groups, 
6) Homogeny of the sample . 
A preparat i on technique used by Hee Myong Lee (30 ) was 
to grind the MgO crystal in a ba ll mil l and treat it as a 
powder . I f a l arge enough sampl e i s ground up , this method 
insures h omogeny . To check the feasibi l ity of using this 
method , a sampl e of MgO crystal was ground i n a Pica Blender 
Mixer . The mill used has two different types of canisters : 
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one is made of tungsten; and the other, of stainless steel. 
Grinding a pre - etched sample in each, the following results 
were noted: 
1 ) The samples increased in volume as t hey were ground . 
2 ) They changed from clear to a dull, gray-white color . 
3) An activation analysis showed that bo t h samples 
picked up sever e contamination from their re spective 
canisters . 
The contamination from the steel canister could not be 
t olerated because Fe is a trace element expected to be 
present in MgO . While tungsten is not expected , it is 
possible that the r e are trace amounts of other elements 
being introduced with the tungsten . It \\las decided to l ook 
for a different method of sample preparat ion which would 
avoid this contamination. 
The MgO samples to be anal yzed from the Themis ( 5) 
creep-test lab were in the f orm of rec tangular solids 
a pproximately 0 .38 x 0. 38 x 0 . 76 cm with a weigh t of 0.3 gm . 
These specimens we r e all cut to approximately t he same s i ze 
a nd shape , and the exact dimensions of each wer e measured 
with a micrometer . Using these crystals in this configura-
tion simplified sample preparation, permitted a nea rly 
nondestructive analysis and analyzed the actual crystal 
be i ng tested in the creep- test l ab . 
A self-shielding calculation was carried out to deter -
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mine t he magnitude of the self-shielding factor associated 
with a MgO sample of this size and shape (18, 23, 38 ) . Since 
the MgO crystal of interest is 99 .99% pure , the impurities 
do not contribute to the self-shielding; and the MgO matrix, 
due to its low cros s section , exh i bits very l ittle se l f -
shieldi ng . Calculations in Chapter VI show that a solid 
crystal of MgO, 0.38 x 0.38 x 0 .74 cm would have a self -
shielding factor of approxi mate ly 1.0 ( i.e ., no self -
shieiding ) . 
The actual technique used to prepare MgO sample s con -
sist ed of obtaining a precut MgO crystal specimen from the 
creep testing l ab and measuring its dimensions with a 
micrometer . The crys tal was then placed i n a test tube 
containing phosphoric acid and boiled for 2 min over an open 
flame . After cooling, the acid was poured off, and the test 
tube containing the crystal was flushed thoroughly with 
distill ed water followed by acetone . The crysta l was then 
dumped onto a fresh piece of filter paper to be dried under 
an infrared lamp . A clean forceps , freshly rinsed wi th 
acetone and heat dried , was used to transfer t he cleaned 
and dried crys tal to a fresh slip of weighing paper . After 
weighing the sample wit h the Gram-atic Balance ( seria l 1-910), 
clean forceps we r e used to place it inside a polyethylene 
capsule . This capsule t hen was sealed inside a polyethylene 
envelope and put in a capsule with a slightly larger diameter 
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to maintain alignment with two s imila r sampl es as shown in 
Fig . 13. The large r ca psule is then pa cked in a rabbit 
for irradiation . 
In an attempt to ma ke a qua litat ive i mpurity dete r mina -
tion, preliminary irradia tions of the MgO crysta l we r e 
carried out in the rabbit fa cility of the UTR-10 r eactor . 
Encapsul ated MgO samples were irradiated at a power of 10 kw 
( 7 x 106 n/cm2 sec ) for periods of 15 min to 4 hr . Counting 
was done with the NaI de tector star ting approximately 3 min 
after the irradiation . Three min is the mi nimum time needed 
to monitor the sample and transport it to the detector . 
Counting continued for several days until all activi ty had 
subsided . Before count ing , the polyethylene capsules were 
opened and vented to permit the small but detectable amount 
of argon to escape . Argon , as found in the atmospher e , under-
goes a 40Ar (n,y ) 41Ar r eaction with thermal neutrons producing 
1.293 Mev gamma activity with a ha l f -life of 1.83 hr . The 
cross section for the reaction is 0 . 61 b . It is conceivable 
that this f ull-energy peak cou l d mask or interfere with the 
analys is for other e l ements should they emit pho tons with 
approximately the same energies . 
These UTR-10 irradiations r evealed not onl y the magnesium 
of the matrix, but also mangane se and sodium . These results 
were disappointing because Lee ( 30 ) had r eported, in addition 
to manganese, t race s of longer hal f - life e l ements including 
Scale: actua l size 
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iron, chromium, and scandium, in a similar crystal. An 
emis sion spectrometric analysis, as shown in Fig . 14, 
indicated still other possible impurities . It was con-
eluded that either the other impurities were not present or, 
because of their long half -lives and smal l cross sections , a 
higher integrated flux was needed to activate them as illus -
trated by Tables 4 , 5, and 6 . Furthermore, there was some 
doubt as to the origin of the sodi um detected in these UTR - 10 
irradiations . The sodium c ould be present in the crystal 
matrix, be a surface contaminant introduced by handling , or 
be the r esult of the reaction, 24Mg (n , p) 24Na listed in 
Table 3 . 
Analys i s f or Long Ha lf-Life Impurities 
Becau se the presence of sodi um wou l d not interfere with 
the ana lysis of the expected long half-life elements as 
shown in Tables 5 and 6 , and because the analysis of these 
e l ements would require decay periods of 1 to 2 weeks ; the 
sodium problem was temporarily put aside. In an attempt to 
identify the l ong ha l f-life eleme~ts, a magnesium oxide 
sample was prepared as before and irradiated for 1 hr at 5 
mw in position R-3 of the ALRR facility (flux = 3 .4 x 1013 
n/cm2s e c, cadmium rat i o approximate ly 20 ). After wai ting 
14 days for the magnesium, manganese , and sodium a ctivities 
to subside, the magnesium oxide crystal was r emoved from its 
irradiation container and counted for 3 hrs on t he Ge ( Li ) 
Fig . 14. Qualitative emission spectroscopic analys i s of 
magnesium oxide crystal 
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Table 4 . Relevant nuclear properties of short ha l f-life 
impuritiesa 
Parent Abundance 
nuclide Isotope (%) React i on Product 
Silicon 2881 92 . 27 ( n,p)c 28Al 
29s1 4. 68 ( n,p)c 29Al 
3os1 3 . 05 (n,a )c 27Mg 
Phosphor ous 3lp 100 ( n,ct ) c 28Al 
Calcium 48ca 0.185 (n, Y) L~9ca 
Ti tanium 50Ti 5 . 25 (n, Y) 51Ti 
Chromium 54cr 2 . 4 (n , y) 55cr 
Cobq,lt 59co 100 ( n,y ) 60mc0 
Copper 63cu 69 . 1 ( n,2n )c 62Cu 
al min to 1 hr, Leder e r, Hollander and Perlman ( 28 ). 
bl hr irradiation at a thermal flux of 1 x 1012 
n/cm2 sec, Mose s ( 34). 
cFast activation data , Moses ( 34 ) . 
Cross 
section 
( barns ) 
0 .22 
0 .10 
0.08 
0 .150 
1.1 
0.14 
0.38 
18 
0.500 
Half-
l ife of 
product 
( min) 
2.30 
6.56 
9 . 45 
2 . 3 
8.8 
5 . 79 
3 .6 
10.5 
9 .8 
1. 73 
( 100% ) 
1. 28, 2. 93 
(85% ) ( 15%) 
o. Bl~ 1.02 
(100%) (30% ) 
1.78 
(100%) 
3 . 10) 4 .10) 4.68 
( 89% ( 10% ( 3% ) 
0. 32 ) 
(95% 
0. 605) 
( 1.5% 
0.928 
(5% ) 
none 
0 . 059) 1. 33 
(2 . 1% {0.25%) 
0.66, 0 .85 
(2%) ( 1%) 
1 .18, 
( 1%) 
1. 35 
(1%) 
Spec i fic 
a ctivit;yb 
( dpm/ug ) 
263 
6 
3 
175 
1. 8 x 10 3 
5 ,6 x 103 
n one 
9 .8 x 106 
197 
Table 4 . (Continued ) 
Parent Abundance 
nuclide Isotope (%) Reaction Product 
Copper 65cu 30 . 9 ( n, y) 66Cu 
Bromine 79Br 50 . 52 80Br 
Molybdenum 92Mo 15 . 86 (n, 2n )c 91Mo 
Antimony 1218b 57 . 25 · ( n, Y) 122msb 
Barium 136Ba 71.66 ( n, y) 137Ba 
Cros s 
section 
(barn s ) 
2 . 3 
8 . 5 
0 .190 
0 .06 
0 . 01 
Ha lf-
l ife of 
p roduc t 
(min ) 
5 . 1 
17. 7 
15 .5 
4.2 
2 . 6 
Y r a;r 
(Mev ) 
. 1. 039 
(9%) 
0. 511, 
(5%) 
none 
0 . 061, 
(50%) 
0. 662 
(89%) 
0. 618 
( 7%) 
0 .075 
( 17%) 
Spec i fi c 
a ctivi t;yb 
(dpm/ ug ) 
3.1 x 105 
10 
3.2 x 104 
1. 0 x 104 
Table 5 . Relevant nuclear properties of intermediate half-
life impuritiesa 
Pa rent 
nuclide 
Silicon 
Phosphor ous 
Manganese 
Coppe r 
Nickel 
Bromine 
Molybdenum 
Cesium 
Barium 
al hr 
bl hr 
sec , Mos es 
CFast 
Abundance 
Isotope ( % ) Reac tion Product 
3os1 3 . 12 ( n, y) 3ls1 
3lp 100 (n,p )c 3lsi 
55Mn 100 (n, Y) 56Mn 
63cu 69 . 1 ( n, y) ·54cu 
65cu 30 . 9 ( n,2n )c 64cu 
64Ni 1. 16 (n, y) 65Ni 
81Br 49 .. 48 (n,a ) c 78As 
( n,2n )c 80Br 
97Mo 9 . 45 ( n,p )c 97Nb 
133cs 100 ( n , y) 134cs 
138Ba 71 . 66 (n, Y) 139Ba 
to 1 day, Lederer, Hollander and Perlman ( 28 ). 
irrad i ation at a thermal flux of 1 x 1012 n/cm2 
( 34 ). 
activation data , Mos es (34) . 
Cross 
section 
( barns ) 
0.11 
0.077 
13. 3 
4.5 
1. 0 
1.5 
0.10 
0 .8'00 
0 . 110 
2 .6 
0.4 
Half-
life of 
product 
(hr ) 
2.62 
2 .62 
2 .58 
12 .9 
12 . 9 
2.56 
1.5 
4.58 
1. 2 
2 .9 
1.42 
60 
1. 26 
(0.07%) 
1. 26 
(0. 07%) 
0 . 84 7' 1. 81 ) 2.11 
( 99%) ( 29% ( 15%) 
1. 34) 
(0. 5% 
0.51 
(38%) 
1. 34) 
(0 .5% 
0. 51 
(38% ) 
0 . 368' 1.115' 1 .481 
( 4 . 5% ) ( 16% ) (25% ) 
0.62) 0. 70) 1.31 
(42% (11% (10%) 
0.037) 
( 100% 
0 .099 
( 100%) 
0 .69, 1.02 
( 99% ) (1%) 
0.128 
( 14%) 
0. 166, 1.43 
( 2 3% ) ( 0 . 4% ) 
Specific 
activit:yb 
( dpm/ug) 
8 .8 x 10 2 
21 
2.2 x 106 
8 .1 x 104 
10 
2 .8 x 103 
8 
27 
2 
i.o x 103 
·3.7 x 104 
Table 6 . Relevant nuc l ear properties of l ong half-life 
impuritiesa 
Parent 
nuclide 
Phosphorous 
Calcium 
Scandium 
Chromi um 
Iron 
Cobalt 
Bromine 
Molybdenum 
I sotope 
3lp 
44ca 
45sc 
50cr 
5~e 
58Fe 
59co 
81Br 
Abundance 
(%) React i on Product 
100 {n, y) 32p 
2 . 06 {n,y) 45ca 
100 (n, y) 46sc 
4 . 3 {n,Y) 5lcr 
91 . 66 (n,p) 
c 56Mn 
0 . 31 ( n, Y) 59Fe 
100 (n,Y) 60co 
49 . 48 ( n, l') 82Br 
23.75 ( n , Y) 
al day or greater, Lederer, Hollander and Perlman (28 ). 
bl hr irradiation at a thermal flux of 1 x 1012 n/cm2 
sec, Moses ( 34 ) . 
CFast ac tivation data, Moses ( 34). 
Cross 
section 
( barns) 
0.191 
0 . 63 
12 . 
17. 5 
0 . 110 
1 . 1 
20 
3 . 0 
0.51 
Half-
life of 
product 
14 .6 days 
160 days 
8L~ days 
27 .8 days 
2 .58 hr 
45 . l d<?-YS 
5 . 3 yr 
35.5 hr 
2 . 75 days 
62 
y ra-:t 
( Mev ) 
none 
none 
0.89) 1. 12 
( 100% ( 100% ) 
0. 32 
(10%) 
0 .84) 1. 81) 2 .11 
( 99% (29% (15%) 
1. 095 , 1. 292 
(56% ) (44% ) 
1.17) 1. 33 
( 100% ( 100%) 
0 .554, 0.619, 0.698 
(66%) (41%) (27% ) 
0 . 777 J 
(83%) 
0 .828, 
(25% ) 
1.317 
(26% ) 
1 .475 
(17%) 
0. 181, 
( 67%) 
0. 74) 0. 78 
(12% (4%) 
Specif icb 
activit:[ 
( dpm/ug ) 
4 .8 x 10 2 
2.1 
4. L~ x 103 
4.0 x 102 
2.2 x 106 
1.3 
3 .2 x 102 
1.6 x 204 
4 .4 x 102 
Table 6 . ( Continued ) 
Parent 
nuclide 
Antimony 
Barium 
Cesium 
I sotope 
121Sb 
123sb 
130Ba 
132Ba 
132Ba 
13~a 
133cs 
Abundance 
(%) Reaction Product 
57 . 25 ( n, Y) 122sb 
42.75 ( n ,Y) 124sb 
0 . 101 (n, y) 131Ba 
0.097 ( n, Y) 133mBa 
0.097 (n, Y) 13~a 
2 . 42 (n, y) 135~a 
100 ( n, Y) 134cs 
64 
Cro ss Half - . Specific 
section l ife of (M~~) act i vit)b ( barns ) product ( dpm/ug 
6.0 2 . 8 da y s 0 .564, 0 .686 
4 1. 3 x 10 
( 66%) (3% ) 
3 . 3 60 days 0. 603, o. 72) 1. 69 1. 5 x 102 
(97%) (14% (50% ) 
8 .8 11 days 0 . 12) 0 .216, 0 .315 , 0. l~96 7.3 
( 28% ( 19% ) (13% (48% ) 
0. 2 1. 63 days 0.276 
(100% ) 
3.5 x 101 
7 7. 2 years 0 .082, 
(25%) 
0 .276, 0.302, 
( 7%) ( 14%) 
0.356 
(69% ) 
1 
0.16 1. 21 days 0. 268 
( 16% ) 
3.4 x 102 
28 2 years o. 57, 
(23%) 
0 .605 , 
(98% ) 
0.798 
(99% ) 
3. 6 x 102 
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detector RIDL 1600 channel analyzer system available at the 
ALRR facility. The resulting spectrum shown in Fig . 15 
indicates the following : 
5lcr at 0.32 Mev 
122sb at 0.564 and 0.686 Mev 
124sb at 0.603 and 1.69 Mev 
46sc at 0.89 and 1.12 Mev 
59Fe at 1 . 095 and 1 . 292 Mev 
' 60co at 1.17 and 1.33 Mev 
The re l evant nuclear properties of these and other possible 
long half - life impurities are given in Table 6 . Of the 
activities listed above, all but antimony were expected and 
gave positive identification when compared to Heath's catalog 
of spectra and when the characteristic half-lives were con-
sidered . Two verification activations, Exp 8- 7-69 and Exp 
8 - 26-69, confirmed the above results . These latter two 
experiments also showed bromine in the spectra taken within 
several days of the irradiation . An analysis of an empty 
capsule, a capsule filled with water evaporated to dryness, 
and a capsule containing a magnesium oxide sample showed an 
eq~al level of bromine in each. Therefore, the bromine was 
judged to be a constituent of only the capsule . 
To check the possibility that antimony was introduced by 
the phosphoric acid used to etch the crystal, a 10 A sample 
was activated along with the crystal in Exp 8 - 26 - 69. The 
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analysis of the acid showed positive evidence of antimony as 
shO\m in Fig . 16 . As a further check, the magnesium oxide 
crystal analyzed in Exp 8 - 26- 69 was given a much more 
thorough flush with distill ed water after the pre - irradiation 
acid etch tha n had been the practice . The full-ener gy peak 
area ratio of antimony to the scandium for this experiment 
i s 0 . 14 a s compared to 0 . 16 for previous experiments . This 
l eads to the conc lusion that the ant i mony i s a contaminant 
left by the phosphoric acid . Further work in t his area is 
suggested . 
Analysis for Intermediate Half-Life I mpurities 
Be f ore a sensitive qualitative analysis for the inter-
mediate ha lf-life impuritie s shown in Table 5 could be made , 
the high sodium activity had to be removed . As noted befor e , 
sodium could be present as a const ituent of the crystal 
mat~ix, a surface contaminant int roduced by handling , or a 
24 2LI r esult of the fast reaction, Mg (n ,p) Na , listed i n Table 3. 
Since sodium ' s nuclear properti es make it easily acti -
vated (Na- 24 , cross section = 0 . 51 b , isotopic abundance = 
100, half-life = 14 .97 hr), it can be detected r eadily with 
a short irradiation . Pas t experience has shown that even 
the sodium chloride in fingerpr ints can be detected with a 
10 kw, 15 min irradiation in the r abbit facility of the UTR-
10. A 15 min irradiation of the magnesium oxide crystal in 
this facili ty showed only mild sodium act i vity and no chlo-
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r ine activity. The lack of chlorine activity indj_cated that 
the sodium was not the result of sodium chloride surface 
contamination from fingerprints . The l ow sodium act ivity 
re-enforced the idea that the sodium was not present in the 
sample but was a re sult of the Mg (n,p) Na reaction. Since the 
cadmium ratio of the r abbi t facility in the UTR-10 is only 
approximately 6, this .f ast neutron r eaction i s quite likely . 
To remove all doubt , the magnesium oxide crystal was 
i rradiated f or 1 hr at 5 mw in locat i on TVl of the ALRR 
f acility ( flux= 6 x 1010 n/cm2sec, cadmium ratio 1000) . 
Thi s irradi ation , a s shown in Fig . 17, resulted in no 
measurable sodium activi ty indicating the sodium activity 
found in the previous samples was a r esult of the Mg (n,p )Na 
reaction . (Since an (n, p) r eact i on with iron produces manga-
nese - 56 i.e . , 56Fe (n , p )56Mn a s shown in Table 6 , and since 
i t is desired to determine manganese in the presence of 
iron; · this experiment also indicated that manganese deter-
minations would require an irradiation in a high cadmium 
rat io location. This i s especially true since the amount 
of iron expected is an order of magnitude l a r ger than the 
manganese , and the iron-56 isotope i s about 300 times more 
abundant than the iron -58 isotope . This makes the 56Fe (n,p)56 
Mn r eaction about as sensit i ve as the 58Fe (n , Y)56Fe reac t ion .) 
(See Table 6 .) 
The lack of sod i um activity, which had been very high 
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i n the past , produced a much cleaner spectrum. Counting 
2 hrs after irradiation, with the NaI detector produced the 
spectrum shown in Fig . 17. The peaks are the 2 . 58 hr man -
ganese activity at 0 . 847, 1 . 81 , and 2.11 Mev. Twelve hrs 
l ater these had decayed, and only insignificant background 
was seen. This manganese identification was confirmed by 
t he anal ysis of two si~ilar i r radiations in TVl of the ALRR 
f acil ity . 
The activities from these later irradiations which were 
counted on the Ge ( Li ) detector indicated the possible 
presence of c opper . Copper is hard to i dentify because, as 
s hown i n Table 5 , the onl y sensitive reaction is 63cu (n , y) 64cu 
which pr oduces annihilation radiation at 0 . 51 Mev and a weak 
peak at 1 . 34 Mev which is often lost in the background . The 
suggestion that copper is present is based on the 0 . 51 Mev 
peak a nd a half-life determination . The other nuclides pro-
duc ing activities of 0 . 51 Mev either have vast l y different 
ha l f - lives or mul tiple peak spectra . ( See Fig . 18 ) 
Ana l ysis for Short Half - Li fe Impurities 
While the 9 . 5 min half - life activity of the manganese-27 
mat r ix f acilitates the detection of elements with half-l ives 
gr eater than one hr , it makes the detection of shorter lived 
elements difficult or impossible . I n theory it is possible 
to detect short lived elements in the pr esence of long l ived 
ones by irradiating for a short dµration with respect to the 
Sb 
Exp 8- 12- 69 
Count 10 
Sb 
Sc 
Na 
1 . 0 2 .0 
Energy (Mev) 
Fig . 18. Spectrum of MgO crystal showing copper- 64 a ctivity 
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l ong lived element. This enabl es the shorter lived e l ement 
t o reach a higher proportion of it s saturation act ivity t ha n 
t h e l ong lived element, thereby f acilitating the detection 
of the short lived element . Of course, if the saturation 
a ctivity of the l onger lived activity is many t i mes larger 
than that of the shorter lived activity, even a small fraction 
of i t may mask the other. The magnes ium oxide matrix being 
99 . 99% pure will have a saturation magnesium activity of 100 
t o 1000 times greater t han t he maximum amount of titanium or 
ca l cium that might be present . Thus even a short irradiat ion 
f avor ing the titanium or ca lcium will result in a high 
magnesium activity which will t end to mask t he titanium peak 
and produce a h i gh analyzer dead time r educing the sensi-
t i vity to cal cium . 
To check the possibility of detecting short hal f life 
elements , a magnesium oxide sample was i rradiated for 30 sec 
i n R-6 of the ALRR f acil ity . Counting was started· 4 min 
a fte r t he end of the irradiation on the Ge ( Li ) detector RIDL 
1600 channel anal yzer system . Four min was the minimum t i me 
required for t he necessary Hea lth Physics monitoring and 
t ransport of the sampl e to the detector . The r esults , shown 
in Fig . 19, i ndicate no activities other than t he magnesium 
of the matrix . Fr om this experiment it was conc l uded that 
it was not possible with the present experimental arrangement 
t o i dentify trace impuri t ies whose activit ie s were on the same 
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order of magnitude as the magnesium of the matrix . This 
r uled out all the isotope s with (n,y) reactions listed in 
Table 4 . Tho se with fast reactions were previously ruled 
out by the strong activity produced by the 24Mg(n,p) 24Na 
r eaction . 
A possible exception was calcium whose full - energy 
peaks, as listed in Table 4, fall at 3 . 10, L~ . 10, and 4 . 63 
Mev, well above the magnesium peaks . Because the Ge(Li) 
detector has an extremely low efficiency at high energies, 
the NaI detector was chosen to test this possibility. 
Separate irradiations of 15 min each were conducted in the 
UTR- 10 rabbit at a flux of 6 x 10
10 
n/cm2sec for 3 . 0 x 10- 2 
and 1 x lo-5 gm calcium samples and a 0 . 283 gm magnesium 
oxide crystal . Counting was done within 4 min of the end 
of each irradiation and yielded a characteristic calcium 
spectrum for only the 3 . 0 x 10-~ gm sample . Furthermore , 
·the magnes ium oxide showed a high ac tivity which resulted in 
a high analyzer dead time .. While the detection of calcium 
in a magnesium oxide matrix by activation analysis looks 
good in theory, it was concl uded that it could not be 
accomplished with the present equipment and techniques. 
Analysis for Specific Elements 
With t he exception of the check for cal cium, the analysis 
of irradiations has been general . The method has been to 
a nalyze all activities in spectra from experiments emphasizing 
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the l ong, short , or intermediate half-life activities . This 
analysis thus far has identifj_ed scandium and cobalt plus 
the following elements listed on the emission spectrometric 
analysis: chromium, copper , iron, and manganese and has not 
de tected barium, cesium, mol ybdeum, nickel, silicon, t i tanium 
and ca lcium . Of these, calcium and titanium have only short 
l ived activities and cannot be detected in the short lived 
magnesium oxide matrix. Si l icon has several fast react ions 
which are ruled out due to the high activity 24Mg ( n, p ) 2L~Na 
r eaction . In addition, no trace of the 1.26 Mev gamma ray 
activity characteristic of the (n, y) r eaction of silicon has 
been noted on any of the intermediate half-life spectra . The 
r elevant nuclear characteristics of silicon are given in 
Table 5 . 
Norma lization calcu l at ions with the manganese - 56 peaks 
shown in Fig . 20 indicate that to have a statistically 
significant silicon full- ener gy peak at 1. 26 Mev , a concen-
tration of 1 x 104 ppm of silicon must be present i n the 
magnesium oxide crystal . While a somewhat higher sensitivity 
may be achieved by an irradiation in a higher flux l ocation 
than that u sed for the manganese determination , the inverse 
r elationship beb1een the flux and the cadmium r at i o typical 
of a nuclear r eactor r esults in a l ower cadmium r atio causing 
the prohibitive 24Mg ( n,p )24Na r eact i on . 
To test the sensitivity of this analysis for nickel, 
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Fig . 20 . Spectrum showing manganese - 56 activity in an MgO crystal 
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cesium and barium,a standard of approximately 1 x 10-6 gm 
of each was irradiated along with a 0 . 227 gm magnesium 
oxide crystal at a flux of 6 x 1010 n/cm2sec, cadmium ratio 
> 1000, for 3 hr. These additions represent an impurity 
concentration of approximately 4 ppm. Analysis of the 
spectra showed no activities indicating the presence of 
these elements in either the standard or the crystal . These 
result s , plus a matrix normalization calculation determining 
the sensitivity of this analysis for the above e l ements from 
the manganese - 56 that had already been detected l ead to the 
conclusion that either these elements were not present or 
were in concentrations less than those listed in Table 7 . 
Thi s same procedure was repeated for molybdenum and 
barium u sing a flux of 3.4 x 1013 n/cm2sec and cadium ratio 
< 20 . A weak 2 . 75 day molybdenum activity appeared in the 
spectrum of the standard but none was present in that of 
the magnesium oxide crystal . This indicated that the 
molybdenum if present in the crystal was at a concentration 
of < 4 ppm. Barium was not detected in either the spectrum 
of the standard or the crystal . Therefore , if present it is 
a ssumed to be in a concentration of less than 2 ppm as indi -
cated in Table 7 . The apparent discrepancy between the 
calculated detection limit of 2 ppm and the lack of detection 
of a 4 ppm standard is not surprising . The sensitivities 
are only approximate due to un~ertainties in the tabulated 
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Table 7 . Approximate sensitivities for techniques described 
Element I sotope 
Half-
life of 
product 
Specific 
activit~ 
(dpm/ug ) 
Normal ized 
sensitivity 
Nickel 69Ni 2.56 hr 
Ces ium 133Cs 2 . 9 hr 
Barium 138Ba 1.42 hr 
Molybdenum 
. 98 
Mo 2.75 days 
a3 hr at 6 x io10 n/cm2sec . 
b3 hr at 3 . 4 x io10 n/cm2sec . 
2.8 x 103 38 
a ppm 
1 x io3 48 a ppm 
3 , 7 io4 a x 2 ppm 
4 . 4 x 10
2 
< 1 ppmb 
specific activities and the detector efficiency. I t i s 
suggested that furthe r experimental work in assigning 
de tecti on l imits be done . 
Comparison of Results with Emi ssion Spectrometric Analysis 
This qualitative activation analysis has detected 
copper, manganese , chromium, scand~um, iron, and cobalt . 
All of these are l isted i n the emission spectroscopic 
ana lysis shown in Fig . 14 except for scandium. In addition, 
barium, calcium, cesium, molybdenum, n ickel, sil icon, and 
titanium are listed. To resolve the difference , an associ -
80 
ate chemist
1 
of the Analytical Services Group II of Ames 
Lab was consulted . The following conclusions were reached : 
1 ) The barium, cesium, molybdenum, nickel, silicon 
a nd titanium, if present, were in such small quantities that 
t hey could not be positively identified with the emission 
s pectroscope, although weak lines which may have been inter -
f erence did appear at characteristic locations for these 
elements. Since this activation analysis was shown not to 
be sensitive to approximately 1 ug or 4 ppm concentrations 
of these e lement~ no discrepancy remained between it on the 
emission spectroscopic analysis . Neither gave a positive 
indication of the presence or absence of these elements . 
2) The calcium was positively identified by the spec-
troscopic analysis , but because of its short half-life it 
coul d not be identified in the magnesium oxide matrix by 
a ct i vation analysis. I n addition , the high energies of the 
full- energy peaks coupled wi th the l ow detector efficiency 
a t t hese energies create a · l ow sensitivity for calcium. 
3) The scandium did not appear in the emission spec -
troscopic analysis which has a sensitivity for scandium of 
about 20 ppm . The activation analysis positively identified 
s candium and a later quantit.ative analysis indicates it is 
present in a concentration of 0. 2lppm (Table 11 ) . 
1 
DeKal b , Edward L. , 8 Research , Ames Lab, Ames , Iowa . 
Qualitative analysis of magnesium oxide by emission spec-
troscopy . Private communication. 1969 . 
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Comparison of the Ge (Li ) and NaI (Tl ) Detector Systems 
This analysis paralle ls that of Lee ( 30) except here 
the high r esolution of the Ge(Li) detector system ( 4 . 5 Kev 
at 1333 Kev) is u sed to resolve the scandium-46, iron-59, 
and cobalt-60 activities . Previous ly the poor resolution 
of the Na I(Tl) detec tor (7% at 0.662 Mev ) had dictated the 
use of separation techniques as discussed by Lee . In 
addition, because the scandium peak is much more pronounced 
than the iron peak and has a longer half- life, the very 
presence of iron had to be suggested by some other means so 
that a separation and positive identification could be made . 
While the cobalt - 60 activity with its ha lf-life of 5 yr 
could have been determined after a prolonged de lay by waiting 
for the 85 day scandium-46 to decay the Ge(Li) detector 
system permits an identification in less than 10 days . 
Furthermore, because the Ge(Li) detector system is able to 
r esol ve peaks to a greater degree, the possibility of 
introducing an error in the qualitative analys i s due to the 
summation of the activities of several isotope s is reduced . 
The advantages of the Ge(Li) detector system are 
demonstrated in Fig . 21 where a superposition of two spectra 
of the same magnes ium oxide crystal is shown, one taken on 
the Ge ( Li) and the other on the NaI (Tl) detector system . 
Whi l e the Ge (Li) detector system is less efficient than the 
NaI(Tl), dic tating a longer counting period to obtain a 
suffic ient number of counts , this was judged more of an 
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inconvenience than a shortcoming . 
I t was concluded that Ge ( Li ) detector, was in most cases 
superior to the NaI for activation analysis work. The small 
disadvantage of the slightly lower efficiency of the Ge ( Li ) 
detec t or is u sua lly outweighed by the advantage of the 
increased resolution . One case in which the NaI is better 
occurs when the peaks are well separated and sensitivity is 
a probl em . 
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CHAPTER V. QUANTITATIVE ANALYSIS 
The comparison meth od was chosen for the quantitative 
analysis for reasons discussed in Chapter II. The method 
as noted before requires the preparation of standards for 
the elements present in the sample; simultaneous irradiation 
of the sample and standards; and in addition, the spectra 
must be taken under identical conditions , i . e ., same equip-
rnent~ calibration, and counting geometry . 
If the above conditions are met , the weight of the 
element of interest ma y be determined from the following 
equation : 
= ( 23 ) 
in which 
wtu = unknown weight , 
. wts = standa rd weight, 
Au = full - energy peak a rea of unknown , 
As = full - energy area of standard, 
e -u~ t = decay correction for the difference in decay 
times , 
~t = the difference in decay time between counting 
the s tandard and the unknown, 
~ = decay constant . 
A more rigorous equation de veloped in Chapter II includes 
the dependence on the other possibl e experimental variables and 
a ssigns an uncertainty to the calculated weight . An 
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example showing its application is given in the error analysis 
in Chapter VI. To eliminate the tedious calculations and 
r educe the possibility of human errors, the mass determina-
tion and uncertainty calculations as shown in the error 
analysis have been written into a computer program for the 
IBM 360/65 . 
Preparation of Standards 
.For the greatest accuracy, the comparitor standards 
should contain the same weight of the element of interest as 
the sample being analyzed . Since these weights were not 
known, an arbitrary value of 10 ppm was chosen . With the 
typical crystal weight being 0.3 gm, this yielded a prelimi-
-6 nary standard weight of 3 . 3 x 10 gm . An analysis using 
this set of standards produced better estimates f or a final 
se t of standards. To produce comparitor standards of this 
mag~itude, dissolution and dilution micro-chemistry techniques 
were used . 
Volume measurements were done in Pyrex volumetric 
flasks and with Pyrex micro - pipets . Weighing was done on 
either a Gram-atic Balance (Aines Lab #10188 ) or a Cahn 
Elec tro- Balance (Aines Lab # 11302 ). Since weighing out an 
exact, predetermined amount i s extremely tedious, the pre-
determined amounts were approximated within a factor of 2 
orr a clean slip of weighing paper. The paper and standard 
materials were weighed together , the material was poured 
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into a labe l ed volumetric flask) and the paper was r eweighed . 
The difference between the two weights was recorded as the 
weight u sed and is presented in Tables 8J 9 ) and 10 . When 
metals were to be dissolved to produce standards ) they were 
first etched to remove any surface contamination which may 
have been introduced by handling . 
To produce a manganese standard , a portion of Mn02 was 
weighed out and dissolved in HN03 with the aid of H2o2, an 
oxidiz ing agent . This solution was diluted to 1000 ml with 
distilled H2o and a part of i t was micropipetted into a pre -
cleaned polyethylene capsule ident i cal to the ones used to 
encapsulate t he MgO samples . Before pipetting, the s olution 
was shaken vigorously for several minutes t o insure homogeny . 
The pipetting technique included wiping the outside of the 
pipe t dry before delivery and rins ing the pipet three times , 
each time with a premeasur ed drop of dist illed water of the 
same volume as the pipet . This insured complete delivery of 
the s tandard solution . The contents of the polyethylene 
capsules were then evaporated to dryness under an inf r ared 
lamp. This drying was done under a plexigl ass plate to 
insure that dust from the room would not settle into the 
capsules during the 4 to 6 hrs invol ved . Afte r the standaru 
was dried , the capsul e was closed and sea l ed in a polyethylene 
envelope which was inserted into a l arger capsule and irra-
diated along with the MgO crystal . It was found that the 
Table 8 . Specifications of pr eliminary comparison standards 
Element Form 
Scandium metal 
Cobalt metal 
Iron metal 
Chromium Cr03 
Manganese Mn02 
Solvent 
nitric acid 
nitr ic acid 
nitric acid 
nitric acid 
nitric acid and 
hydrogen peroxide 
Weight 
(gm) 
0 . 0046 
·o . 0128 
0 . 0035 
0 . 0154 
0 .0225 
Volume 
(ml) 
1000 
1000 
1000 
1000 
1000 
A in 
s td 
100 
100 
100 
10 
100 
wt of element 
in std (gm) 
4 . 6 x lo- 7 
1 . 28 x io- 6 
3 . 5 x io- 7 
1 . 54 x io- 7 
2.25 x io- 6 
CX> 
-..J 
Table 9 . Specifications of the comparison standards for analysis 1 
Element Form 
Scandium metal 
Cobalt metal 
Iron metal 
Chromium Cr03 
Manganese Mn02 
Solvent 
nitric acid 
nitric acid 
nitric acid 
nitric acid 
nitric acid and 
hydrogen per oxide 
Weight 
(gm) 
0.0076 
0 . 0041 
0 . 0106 
0 . 0011 
0 . 0191 
Volume 
(ml) 
1000 
1000 
1000 
1000 
1000 
A. in 
std 
100 
10 
100 
10 
100 
wt of element 
in std (gm) 
7 . 6 x 10-7 
4 . 1 x lo- 8 
1 . 06 x 10- 6 
1.1 x 20- 7 
1. 9 x 20- 6 
co 
co 
Table 10. Specifications of comparison standards for analysis 2 
Element Form Solvent 
Scandium metal nitric acid 
Cobalt metal nitr ic acid 
Iron metal nitric acid 
Chromium Cro3 nitric acid 
Manganese Mn02 nitric acid and 
hydrogen peroxide 
Copper CuO nitric acid 
Weight 
(gm) 
0 . 0015 
0 . 0021 
0 . 0205 
0.0013 
0 . 0235 
0 . 0235 
Volume 
(ml) 
10000 
1000 
500 
100 
1000 
100 
). in 
std 
10 
20 
200 
100 
100 
10 
wt of element 
in std (gm ) 
1.5 x lo- 9 
4 . 2 x l o - 8 
8 .2 x lo- 5 
1.3 x l o- 5 
2.3 x lo-6 
2 . 3 x i o -6 
()) 
\.D 
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count rate corre l ation between identical standards pipetted 
u sing a non - wiping , non-premeasured rinse technique was 
approximate ly 90% while the correlation using the rigorous 
technique described above was approximately 99% . Similar 
techniques were u sed to prepare the other standards used 
in this analysis . 
For the preliminary set of standards , each standard 
was pipetted into a separate capsule , but for the final set 
all of the standard solutions were pipetted into the same 
capsule . This was d one in order to provide a standard 
which would approximate the MgO sample as c l osely as 
possible with re s pect to its activation characterist i cs 
and in addition to r educe the number of separate samples to 
be counted . 
The standards materials, their amounts , and the solvents 
used i n the preliminary and two.final sets of standards are 
~resented in Tables ~ 9 , and 10. The sources and analysis 
of the metal s , c ompounds , and reagents involved are given 
in Appendix C. 
Irradiation of Samples and Standards 
Irrad i ations for the quantitative analysis we r e done at 
the ALRR facility . To compensate for the f l ux gradien t i n 
the r eactor, a standar d was placed on either end of t he 
sample as shown in Fig . 13 . The position and alignment were 
maintained by the large polyethylene capsule which had an 
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i nside diameter slightly greater than the outside diameter 
of t he sampl es and a length equal to three samples. Poly-
e thylene packing cut from a clean disposable glove was used 
t o keep the crystal centered in the bottom of its capsule 
dur ing irradiation . The packing was removed prior to 
counting so that any contribution from the containers 
should be t he same for all thr ee capsules . The distances 
between the inside bottoms of the two capsules and between 
t he i nside bottom of capsule two and the center of the 
crystal wer e measured so that a flux gradient correction 
c ould be made . A sample cal culation is included in Chapter 
VI. 
The irradiation necessary for the search for manganese 
and copper was done in location TVl ( flux = 6 x 1010 n/cm2 
sec, cadmium ratio 1000 ) to e l iminate interference from the 
56Fe (n , p )56Mn reaction , see Table 5 . After counting and 
waiting f or the manganese and copper act i vit i es to decay , 
the same crystal was again irradiated, this time with the 
composite i ron , scandium, chromium, and cobal t standards 
placed on e ither end of the sample as shown in Fig . 13 . 
This three hour irradiation was carried out i n R- 3 (flux = 
3 . 0 x 1013 n/cm2sec , cadmium ratio< 20). 
Ac t i vity Measurements 
The Ge (Li ) detector anal yser systems desc r ibed in 
Chapter III were used for these measurements . For the 
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manganese determinations) counting was started approximately 
one hour after irradiation while for the copper approximately 
an eight hour delay was used . The s e times permitted ) in the 
first caseJ the extremely high activity of matrix magnes i um 
t o decay whileJ in the second case, it permitted the manganese 
activity to subside . This reduced the analyser dead time and 
the background of the spectrum enhancing the contours in the 
ful~energy peaks areas . The samples were rota ted during 
counting to remove geometric differences as discussed in 
Chapter III . 
The measurement of chromium, scandium, iron, and 
cobalt activities was done aft er a minimum of seven days 
delay . This permitted the high sodium activity fr om the 
24Mg(n,p) 24Na r eaction to decay . 
In both of the above cases, counting was continued 
until either 4000 counts had accumulated in the center 
channe l of the peak of interest or the available time had 
elapsed. Because the specific activities of the iron and 
cobalt are so l ow and the efficiency of the Ge ( Li) detector 
is only about 3.5% of that of a NaI (Tl ) detector in the 
ene r gy range of t he cobalt and iron activities, counting 
periods of up to six hours were needed . 
Resul ts 
The photon energies associated with the experimentally 
measured full- energy peaks were obtained from the computer 
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progr am ICPEAX (Appendix A). After inspecting the plots to 
insure that the peaks appeared 11 norma l 11 with no obvious 
interferences , the areas provided by the program we re 
introduced into Equations 15-22 of Chapter II. The manner 
in which data is handled is shown in Chapter VI . These 
calculations done with the I BM 360/65 computer, g ive the 
concentrations of impurit ies present in ppm . The results 
of the analysis together with a repeat of the analysis to 
e stabl ish reproducibility are given i n Table 11. 
An error caused the standards for the Cr , Fe, and Co 
in analysis 1 to be too small so that t he calculated values 
of these elements are onl y approximate. In a nal ysis 2, no 
diff iculties were encountered and a better set of values 
re sulted . The agreement between the Mn and Sc values f or 
analyses 1 and 2 increase the contents in the second 
analysis . The uncertainties in the Fe and Co in ana lysis 
2 could be improved with further work. 
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Table 11. Resul v\ obtained for impurities in a magnesium 
oxide crysta l 
ppm Error 
Ana lysis 1 
Mn 6.3 ± 1.1 
Cr 5 
Cu 
Fe 17 
Co 1 
Sc 0.21 + 0.01 -
Ana lysi s 2 
Mn 5 .9 + 0.3 -
Cr 9 . 2~ + 0 .57 
Cu 0.73 + 0.07 
Fe 94 ~ 64 
Co 0 . 14 + 0.07 -
Sc 0 . 21 + 0 . 03 
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CHAPTER VI. ERROR ANALYSIS AND SAMPLE CALCULATION 
A preliminary error analysis considering all the 
experimental procedures that might introduce errors or 
uncertainties in the qualitative or quantitative analysis 
was carried out prior to the experimental phase of this 
work . The uncertainties associated with each of the experi -
mental procedures , combined using propagation of errors 
theory, pointed out those procedures in which the uncer-
tainties are most significant. The preliminary error 
analysis indicated that the most significant uncertainty 
would be that associated with the determination of the full-
energy peak area . 
To decrease th~s uncertainty in subsequent work, 
irradiation and counting times were increased so that the 
accumulated count in the center channel of a full - energy 
peak was at least 400 and preferably 4000- 5000 counts . In 
addition a computer program, IC PEAX, was used to find full-
energy peak areas . While the program may or may not be more 
accurate than hand techniques it is more consistent since it 
does remove human variations . Furthermore , since the com-
parison technique is used , consistent errors tend to cancel 
so the accuracy of the analysis is enhanced. 
Upon completion of the experimental work, the error 
ana lysis was repeated in detail as given in this chapter . 
There are certain errors common to both qualitative and 
96 
quantitative instrumental neutron activation analysis . In 
qua l itative analysis, a binary decision is involved; either 
an element is or is not detected . This decision may be 
confused by various factors including : 1) interfering 
gamma rays at the same, or approximately the same , energy, 
2 ) incorrect calibration of, or drift in , the calibration 
of ~he analyser r esul ting in the assignment of i ncorrect 
energies to, and , therefore, incorrect identification of 
the characteristic full-energy peaks and 3) epithermal 
r eactions which may produce activities in addition to , or 
in competition with, the desired ( n,Y) reactions . 
The probability that two or more gamma rays interfered 
and thus introduced an error in this analysis was considered 
small for the following reasons : 
First, a calibration check of seven separate counts, 
a cquired over a 6 hr period, showed that ICPEAX, working 
with the data obtained with the ORTEC Ge(Li) detector -
Nuc lear Data analyser system described in Chapter I I, a ssigned 
energies to the f u ll- energy peaks with an average error of 
± 0.47 Kev from the tabulated values . The l argest deviation 
was - 2 . 6 Kev and the deviations occurring most often were 
- 0 . 2 and + 0 . 3 Kev . 
Second , the plots obtained with this calibration check 
showed that full- energy peaks 10 Kev apart are clearly 
separated and that peaks only 5 Kev apart could be resolved . 
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Third, using the data listed in Heath ( 18) , a check was 
made for all nuclides having gamma ray activities 5 Kev 
above and below the identified peaks . Each of these 
nuclides was methodically e liminated by differences in 
either or both the characteristic spectrum and the half -
l ife. 
Epithermal reactions which may occur and interfere 
with the desired (n,Y) r eactions, as listed by Lee ( 30), 
are presented in Table 12 . 
Table 12. Summary of possible interference reactions 
Absorption 
cross section 
Element sought Competition reaction ( mb ) 
Scandium 
46
Ti(n,p)
46
sc 4.1 
Chromium 54Fe (n,a) 51cr ·0.37 
Mangane se 56Fe (n, p )56Mn 1.10 
59co (n , a..)56Mn 35 
Iron 59co (n,p )59Fe 22 
60Ni (n , Q)57Fe 
Cobal t 63cu( n,a.) 60co 
60Ni (n, p) 60co 5 
The error introduced by the l~6Ti(n,p) 46sc reaction is 
negligible because 1) the ti tanium if present at all, will 
be only in trace amounts, 2) the abundance of the titanium-
46 isotope is only 7.99% and 3 ) the cross section is small . 
The same comments apply to the 60Ni ( n,~)57Fe and 60Ni(n,p) 60co 
reactions except the isotopic abundance of nickel-60 is 26%. 
While the iron i s the matrix impurity expected to have 
the greatest concentration, the abundance of the iron-54 
i sotope is only 5 . 4%. This coupled with the small cross 
section for the 54Fe ( n,~) 51cr react ion eliminates it as a 
matter of concern . The possible interference from epithermal 
r eactions producing manganese-56 activity was eliminated by 
carrying out the manganese determination irradi ations in as 
"thermal " a flux as possible, i.e., Red greater than 1000 . 
The cross section of the remaining 63cu(n,n)60co reac tion is 
only 11.4 mb for fast neutrons eliminating it as a possible 
interference . 
Other qualitative sou·rces of error include contamina-
tion which may occur during sample preparation and handling 
and the possibility that constituents of the irradiation 
capsul e might be considered to be impuri ties in the actual 
sample. Etching the sample before irradiation and analysis 
of the acid used in the etching process eliminated the first 
possibility while the irradiation and analysis of an empty 
capsule made possible the elimination of the second . ( See 
Fig. 22) 
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The l argest uncerta inty in the quantitative a na l ysis 
occurs wh en analysing an e l ement whose concentration 
approache s the limits of the sensitivity of the method which 
oc curs when the standard devi ation of the channel counts 
approaches the height of the full- energy peak above the 
background . 
The error or uncertainty in the quantitative analysis 
may be found by applying propagation of errors theory to 
each of the terms in Equation 24 . 
= 
f A G m ¢ S e -Astds (1-e -A stcu) 
s u s s s s 
( 24 ) 
The meanings of those t erms not immediately obvious may be 
found by r ef e rring to Equation 3 of Chapte r II . The uncer-
tainties conside red in this analysis are listed in Table 13 . 
Although the experimenter would l i ke to r educe the 
uncertai nties in each term to values as smal l a s poss ible, 
it is c l ear that the only effective effort is tha t devoted 
to r educing the magni t ude of the major contributions . For 
purposes of illustrat ion, all contributions to the uncer-
tainty in the determination of the manganese impurity in the 
magnesium oxide crystal are discussed in detail in the 
following analysis . 
Wh1le analyzing t he techniques used in the preparation of 
a compa~itor standard of a known weight as discussed in the 
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Table 13 . Tabulation of uncertainties in the quantitative 
analys i s 
I. Uncertai nties in weight of standard 
A. Purity of standard material 
B. Weighing of standard material 
C. Volume dilution 
D. Pipetting of standard into capsule 
E. Homogeny of standard solution 
I I . Uncertainty in purity of standard samples, i . e . , 
possibility of introducing a confusing reac t ion 
I II . Uncertainty in purity of reagent s, cleaning fluid s 
and solvents 
I V. Uncertainty in c l eanliness of glassware 
V. Uncertainty in weight of sample analysed 
VI. Uncertainty in flux ratio between l ocations occupied 
by standard and sample 
VI I. Uncertainty in self - shielding ratio of s tandard to 
sampl e 
VIII . Uncertainty re l ated to counting geometry 
I X. Uncertainty in counting period 
x. Uncertainty in decay time 
XI. Uncertainty in half-life 
XI I . Uncertainty in ful l- energy peak area 
XIII . Uncertainties peculiar to a specific detector 
anal yser and data handling system 
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quantitative analysis, the uncertainties listed in Table 13 
are considered . The standard material is never 100% pure . 
Usually the best that can be expected from an analysed 
r eagent is 99 .99% puri ty with an analysis stating the 
impurities and their concen t r ations . Re l ated to the purity 
of the standard is its form. In the case of manganese, the 
compound manganese d ioxi de was used . Since manganese has a 
molecul ar weight of 54 . 938 ~ 0 .0005 and the manganese 
dioxide has a molecular weight of 86 . 94 ! 0 . 00~ the actual 
manganese u sed wil l be the r at io of the mo l ecul ar weights 
times the purity times the mass used . The uncertainties in 
the molecular weights are assumed to be one-hal f of the l ast 
significant figure . 
The weighing .was done using a Gram-atic balance ( serial 
#1-910) whose calibration was checked by the experimenter 
with a set of cal i bration weigh ts from a Cahn electr obalance 
(Ames Lab #11302 ). The balance, which is graduated down to 
0 . 0001 gm, was found to weigh the calibration weights to 
~0 . 0001 gm of their imprin ted values in r epetit ive trials . 
The samples were weighed by the difference techn ique . 
To insure that only the amount of standard u sed was recorded , 
the weighing paper and standard were weighed first , the 
standard was poured from it into a volumetr ic flask and 
the paper and the r esidual standard on i t wer e r eweighed . 
For the manganese standard, 36 . 6 mg of manganese dioxide v1as 
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used. When the ratio of the molecular weight s and the purity 
of the manganese dioxide are applied to this, the weight of 
the manganese in the standard and i ts uncertainty become s 
wt + 6Wt 
= 
= 
= 0 . 0366 ~ ~( 0.001 ) 2 + ( 0 . 001 )2 
1 
I 
( 36.6 ~ 0 .14) x lo-4 gm 
( 25 ) 
( wtMn02 )( mw )Mn 
( mwMn02 ) 
( purity) ~ ~ ~~:~) 2 2 
+ (~::) 
+ (h::) 2 + 
Mn02 
(
11 purity) 
2 
purity 
Mn 
( 26 ) 
( 0 . 0366)(54 . 938) (0 . 9999 ) 
( 86 . 94) \o. 0366 [ 1 
±" (o . 00014) 2 
. I o . 0005 ) 2 f o . 005) 2 f o . 005 \ 2 J 
\ 54.938 +lF6 . 94 + \99 . 99 1 
= 0,0232 [ 1 ~ ~ .5 x 10-7 + 8 ,3 x l0-11 
+ 1 . 9 x lo-9 + 2 . 5 x 10-10 J 
( wt ~ ~wt ) Mn = 0.0232 + 0.0001 gm 
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This mass of manganese in the form of manganese dioxide 
was dissolved in nitric acid with the help of hydrogen 
+ peroxide and then diluted with distilled water to 1000 -
0 . 30 ml in a Pyrex volumetric flask. Care was taken to 
i nsure that the flask and its contents were at room t emper -
ature ( an air conditioned 20° C) before the level of the 
solution in the flask was brought up to the calibration 
l ine . The analysis of the nitric acid and the hydrogen 
pe r oxide is given in Appendix C. In addition, approximately 
250 A of the distilled water was irradiated and analysed 
( Fig . 23 ) . As a result of these ana lyses , it was judged 
that the distilled water, the nitric acid and the hydrogen 
pe r oxide did not contribute significantly to any activity 
which coul d be mistaken for the standard and thereby intro-
duce an error . 
The actual standard was produced by pipetting 100 A 
of this s olution into a polyethylene capsule . Kimax micro-
pi pets with a publ ished tolerance of 0 . 3% at 20° C were 
u sed ( 26 ). Since this is the volume contained and not 
delivered, a careful wipe and triple rinse technique 
described in Chapter V insured that the total volume con-
tained was delivered. To allow for possible human errors, 
a value of 1% was assigned to the pipe tting uncerta i nty . 
To insure that solutions were homogenous, first a 
check was made for any obvious precipitate. I f any was 
en 
+> s:: ::s 
0 
() 
'd 
Q) 
+> ro 
..-! 
;:::s 
E ::s 
() 
() 
c::x: 
0 
0 
0 
rl 
0 
0 
rl 
0 
rl 
Br 
Br 
AU 
-
Br 
Br 
Br 
1 . 0 
Energy (Mev) 
Exp 8- 7- 69 
Count 8 
Br 
Br 
Sb 
2 . 0 
Fig . 23 . Spectrum of distilled H29 irradiated and counted in polyethylene capsule 
I-' 
0 
\J1 
106 
found, a different compound and/or reagent was used to 
insure complete dissolution of the standard material . 
Sec ond, all solutions were shaken well prior to use. 
The dilution and micro-pipetting described yield a 
s tandar d with the following weight and uncertainty 
{wt + flwt)std = 
( 27) 
( 0 . 0232 )( 0 .100 ml) [ + ~0 . 0001) 2 + (o. 30) 2 + (-~-Y = 1 -1000 ml 0 . 0232 1000 100 
= 2 . 32 x io-6 (1 + Js x l o- 5 + 9 x 10-9 + 1 x 10- 4j 
{wt + .tiwt ) std = ( 2 . 32 + 0 . 09) x lo-6 gm -
While it may be argued that part of the standard might 
have been lost during the drying process , the amount lost 
was considered to be negligible, because the standards are 
nonvolatile and the drying or evaporation took place at a 
very s low rate . Precautions were also taken to i nsure that 
dust and particulate matter did not settle from the air and 
into the standards during the drying process . To further 
insure that no contamination that might produce gamma rays 
at the same energies as the standards took place, clean 
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polyethylene g l oves were worn during encapsul ation and 
samples were handl ed on l y with a forceps freshly cleaned 
in acetone . 
The glassware used in this analysis was cleaned by 
Ames Lab personnel using the f ol lowing standard technique : 
I tems are first dipped in alcohol to remove any grease . 
Th is i s followed by a soaking period in a sol ution of hot 
sulfuric and nitric ~cid which is then followed by a rinse 
in t ap water . The glassware is t hen inspected f or any 
stubborn deposits which are then r emoved by hand brushing 
wi th 11BAB0 11 a commercial cleanser . All pieces are then 
rinsed with distilled water and put on a rack to dry . This 
procedure appeared to be satisfactory since no unusual 
activity which might be attributed to contamination from 
the glassware was noted. 
The weight of the crystal and the uncertainty in the 
·weight are found in the same way as the standard yielding 
(wt + Awt ) 
- u crystal = 0 . 2421 + 0 . 00014 gm 
During an irradiation the number of parent nuc lides 
decreases as the products are formed . During a long 
i rradiation the number of parent nuclei may be reduced 
enough to r educe the r eaction r ate and give an erroneous 
quantitative analysis. Using a cross section of 13 .3 b for 
manganese , a maximum f l ux of 3 . 4 x 1013 n/cm2sec and a maxi -
mum irradiation time of 3 hrs , the sample calculation which 
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follows shows the decrease in the number of parent nuclei 
i s not significant . 
N = Norg ( cr) (T) ( ¢ ) 
N = Norg (13 .3 x lo-24 )(3 .4 x 1013)( 3)( 3600) 
N = 4 .8 x 10-7 Norg 
where 
N = the dec r ease in number of parent nucle i, 
= t he original numbe r of parent nuclei . 
Since the decrease is negligible , no uncertainty has been 
calculated . 
During irradiation the sample s are adjacent to one 
another as shown in Fig . 24 , yet they may be exposed to 
different fluxes due to spacial flux variations . 
Sample A Sa mple B Sample C 
0 . 5 cm 
3 .9 cm 
BC 
...----AC 
\ 
Fig . 24. Flux variation versus position 
flux 
gradient 
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Th i s variation was measured by placing 11 identical 11 
s tandards A and C on either end of the magnesium oxide, 
sample B, during irradiation . The ratio of the flux at C 
to t hat at B 
= ( 28 ) 
ma y be found by measuring the same full-energy peak areas 
in s tandards A and C, and appl ying the ratios of the distances , 
to t hese peak areas to obtain a predicted peak area f or sampl e 
B. Because the 
( full- energy peak area ) «(activity ) Q (¢ ), the ( 29 ) 
flux r atio i n Equat i on 28 may be f ound as 
¢c 
= --
¢13 
= ( 30) 
wher e 
and 
Her e 
AC = full- energy peak a r ea of sample C corrected for 
decay and counting times 
i t can be readily shown that 
AB AA 
BC + Ac 
AB (31) = --p:c- --p:c-
AA = f u l l - energy peak area of sample A cor rected for 
decay and counting times, 
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~ . = r atio of distance between samples A and B to 
the distance between samples A and C (See 
Fig . 24), 
~g = ratio of distance between samples B and C to 
the distance between samples A and C. 
The decay and counting corrections to the photo peak 
areas and their uncertainties, may be found by applying 
propagation of errors theory to 
Area = 
where 
ta = decay time, 
tc = counting time 
K = A 
K = constant including saturation factor, 
detection efficiency, number of parent 
nuclei, etc . 
The flux, ¢, is propqrtional to the spec ific area 
which is given by 
= 
The specific area and its uncertainty is given by 
= A A. 
[ 1 ~ J~ 
( 32 ) 
( 33 ) 
4 
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To illustrate the treatment of the flux variation between 
the sample and standard , the following data and assumptions 
will be u sed : 
1) Data taken from Exp 8-27-69 , counts 2, 3, and 4; 
( two manganese standards and a magnes ium oxide 
crystal). 
2 ) The 1.81 Mev full ene r gy peak of manganese -56 is 
u sed . T 1/2 = 2 . 576 ± 0 . 0005 hr, A = 0 . 2690 ± 
0 . 00005 hr . 
3 ) Peak areas and uncertainties are given by ICPEAX . 
4) Uncertainties in the counting and decay times are 
0 . 0003 and 0 . 0083 hr respective ly, ( to be dis-
cussed later ). 
Using this data and the se a ssumptions , Equation 34 
gives a specific area for standard A of 
( 2240) ( 0 . 2690) 
( A ~ M )c = ( 1 _ e - ( o . 269 ) ( o . 278~ ( e - ( o . 269 )( 1. 20 )) 2 . 32 
+ ? 45 ) 2 ( 0. 09 ) 2 + ( 0 . 9282 \ 2 ( ( 0 00007) 2 
V{224o + 2 . 32 o . 011s; · 
= ( 2240)(0 . 2690) [ +) 4 5 --'-----<-->-----'~--- 1 - 4 . 0 x 10 - + 8 . 0 x 10 -
( 0 . 0720)(0 . 968 )( 2 . 32 ) 
+ 2 . 5 x 10-7 + 4 x 10-10 + 4 x lo-8 ] 
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= 3730 ~ 75 counts/hr ug 
The specific activity of the same peak in sample C is 
[ ~ 2 2 - + - ( 794) ( 0 . 2690 ) + v. 25 ) (0 . 02 ) (A - ~A)A = ( 0 . 0720 )( 0 . 477) ( 2 . 24) l - ~794 + 2 . 24 
+ ( 2 . 2 x io-3)] 
~ 2670 [ 1 ~ J 9 . 9 x lo-4 + 8 . o x lo- 5 + 2 . 5 x lo- 7 
(A± 6A)A = 2670 ~ 87 counts/hr ug 
Now applying propagation of errors theor y to Equations 
30 and 31 , the flux r atio and its uncertainty can be written 
as 
Ac 
( 35) -- = 
(AA(~~2 [(t 2 + (~) 2 + (~) 2] 
[ A A ( ~g) + Ac ( ~~) 1 2 
6 
+ 
= 
+ 
6¢R 
- = ~R 
6¢R = 
ti¢R = 
¢R + -
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3730 
2670 ( ~ : ~ ) + 3730 
(( 3730 ) ( 3 . 4))\2 [ 75 2 
\ ( 3 . 9 )_ 3730 + 
(~) 3 . 9 
2 
0 . 05 
3.4"" 
= 3730 
3600 
0 . 05 2 0 . 05 
2
] 
0.5 + 3 , 9 
3 . 4 ]
2 
3 ,9 
0 . 0 5 
+ 3 , 9 
( 1.1 x 105) [0 . 0001 + 0 . 01 + 0. 0002] 
· i. 3 x io7 
( 1. 1 x 10 7) [ 0 . 001 + . 0002 + . 0002] 
v 0 . 002 = 0 . 045 
( 1. 0 ) ( 0 . 045 ) 
0.045 
t!¢R = 1. 0 + 0.05 -
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The above development points out that the l argest 
contribution to the uncertainty in the flux r atio, ¢R, 
arises due to the uncertainty in the measurement of the 
area under the full-energy peaks and to the uncertainty in 
the measurement of the position of the samples during 
irradiation . 
Another factor which may introduce uncertai nty i s se l f -
shielding . The self-shiel ding factor is defined as the 
limit of the ratio of the specific activity of the sample 
t o i ts specific activity as i ts mass a pproaches ze ro. Nisle 
( 35) approximates the self - shielding factor f ( v ) as foll ows 
where 
and 
f(v) 
v 
v 
s 
= 
= 
= 
= 
4v~ 
s 
sample volume, 
sample surface, 
total macroscopic cross. section . 
( 37) 
The magnesium oxide crystals used wer e in t he for m of 
rectangular solids 0 . 38 x 0.38 x 0 . 74 cm on a side . Since 
they were better than 99.9% pure, on l y the magnesium oxi de 
in the matrix is cons ide r ed . It has a macroscopic cross 
section of 0.0027 cm-l ( 21) . Using the above dimens i ons 
the sample vol ume is 
v = 
v = 
while the 
A = 
A = 
so that 
. v = 
and 
f(v) 
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(0.38)(0.38)(0.74) cm3 
0.107 cm3 
surface area of the sample is 
(0. 38) (0. 38)(2) + (0.38)(0 .74)(4) 
1.42 cm2 
4VI: 
s = 
v 
.( 4) ( 0. 107) ( 0 . 0027) 
1 . 42 
= 8 . 15 x io-4 
-8 15 x lo-4 
1 - e · 
8 .15 x l o-4 
f(v) = 1.0 
This demonstrates that self-shielding for the MgO crystal 
is negligible. Since· the comparitor standards represent 
only approximately 1 ug of each of the several impurities 
present in the crystal, and because the material is spread 
over the surface of the capsule bottom, the self-shielding 
factor of the standards departs even less from unity than 
i t.does for the crystal. Therefore, the self- shielding 
factor in this analysis was judged to be 1.0 and assigned 
an uncertainty of zero . 
One of the more obvious sources of error in any experi-
ment dealing with radiation counting is the counting geometry . 
Counting is often done at a fixed position on a sample holder 
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which is at a fixed distance from the detector . Thi s creates 
an identical counting geometry providing the samples are 
identical . In this work the samples were no t identical . 
The standards consisted of a dried solu tion on the bottom, 
with an unknown portion extending up the sides, of the 
i rradiation capsule, while the MgO sampl e was in the form 
of a r ectangular solid in the bottom of a similar capsule . 
Thi s situation created an uncertainty in the source-to -
detector distance which was removed by rotating the sample 
a s discussed in Chapter III. Any spacial variations not 
r emoved by this technique were judged to be small and were 
ignored . 
It is possib le that a systematic error or uncertainty 
may be int roduced in the counting time by the automatic 
timer associated with the ana lyzer . This i s especially 
true if the analyzer is operating with high "dead " time . 
Since all counting u sed in the quantitative analysis was at 
zero "dead " time , and since it will be shown that the uncer-
tainty in the counting time is not significant ; it was 
a ssigned a conservative value of ± 1 sec for this example. 
The uncertainty in the decay time, or time since 
irradiation, is somewhat greater for several reasons . Firs t , 
the time of the end of the irradiation was r ead by the 
r eactor operator introducing several seconds of uncertainty . 
Second, the clock used to r ead the time of the end of 
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irradiation is not the same clock as u sed to r ead the decay 
times, and third, t he decay times are read by the experi-
menter i ntroducing another uncerta inty . Because, as will 
be shown, the uncertainty in the decay time is not a 
significant factor i n the overall uncertainty, a conserva-
tive value of ! 30 sec was assigned to t he decay time 
uncertainty . 
An uncertainty related to the counting and decay time 
is t~e uncertainty in the half-life . For this work the 
half-life values tabulated in Lederer, Hollander, and 
Perlman (28 ) are used . The uncertainty is considered to 
be ± one -half of the last significant figure . 
The determination of the area of the full - ener gy peak 
produces an uncertainty which is a function of the count 
r ate , the number of accumulated counts , the background count , 
and the presence of adjacent full-energy peaks . The area 
and the uncertainty in the area u sed in this work was ob-
tained from the data by a computer program ICPEAX (Appendix 
A) . It was empirically verified that the a r eas given by 
this program gave more consistent r esults than the results 
of "hand " cal culations discussed in Chapter II. 
Applying the propagation of errors theory as given in 
Chapter II to t he manganese exampl e r eveal s the relative 
contribution of each of the uncer tain ties discussed above . 
I gnoring the self-shielding and counting geometry factors 
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for the r easons discussed , Equation 16 becomes 
= 
+ (38) 
The mass of the manganese standard as computed earlier in 
this chapter is 
{m: 6m)s = (2 . 32 ± 0.02) x io-6 gm 
The peak area r atio between the unknown, Au , and the standard, 
As, is given as 
= (b::) 2 ] (39) 
Inserting the peak areas and uncertainties as provided 
by ICPEAX, Equation 39 yields 
[ (2~~5 ) 2 ] 4489 1 : \~4~~9) 2 (A ~ ~A)R + = 2245 
(A ± t.A)R = 1. 990 [ l + - J 4 .5 x io-4 + 4 x ·10-4) 
(A ± !lA)R = 1.990 + 0.058 
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The ratio of the decay of the standard to that of the 
unknown is given as 
- >..ta 
[ l 
+ J t ) 2 (D + tiD)R e s - = 
- Atd 
\ti ds 
e u 
+ {ta_ub.A.) 2 J ( 40) 
wh ere 
T 1. 2.576 + 0 . 0005 hrs = 
2 
and 
0. 69315 
( 0 . 2690 + 0 . 0001) 
1 
>.. = = - hr 
( 2.576) 
so that 
e - 0 . 269 ( 1. 2) l l ± Vco . 269)(0 . 0083) (D ± L\D)R 2 = e-0.269 (1. 5 ) 
(120) ( 0 . 0001 ) 
2 
( 0 . 269 )( 0 . 0083) 
2 
+ 
+ ( 1. 5 ) ( 0. 0001) 2 ) 
1 ~ v 4 . 6 x ( D' ::- l\D ) R 0 . 726 10- 6 + 3 . 6 x 10- 5 = 
0. 660 
+ 4. 6 x 10-6 + 5 . 6 x 10- 6 
(D ± .ti.D )R =" 1.101 + .0 . 001 -
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The ratio of the count ing time of th e s t andard to that 
of the unknown is given as 
here 
ts + -c 
tc ± u 
( 1 - e - Atc s ) 
( 1 - e - >..tcu ) 
Llts = 1000 
c 
ti. tc = 4000 u 
(41) 
± 1 sec = 0.2780 ± 0 . 0003 hrs 
~ 1 sec = 1 . 11 ± 0 . 0003 hrs 
[ 1 ~ ( C ± 6C)R = 0 . 0720 l6 : ;~~0~ 2 [(co .27s )( o .0001V 2 0.2580 
[(< 1. 11)(0 .0001 ~ 2 + ~ 0 . 269 )( 0 . 0003 v 2] ] 
( C ~ L\C )R = 0 . 2790 [ 1 ~ v( 16 . 5) [ 6 . 9 x 10- 9 + 6 . 5 x - 9] 
+ (8 . 6 ) [ i.11 x i o-9 + 6 .5 x i o-9 1) 
( C ~ t C)R = 0 . 2790 + - 0.0001 . 
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Putting all of the factors calculated above into 
{m + am )u = m5 AR¢RDRCR [ 1 ± J(~) \ (LI~: ) 2 
+ ( ~: f + {L\~r+ (LI~:) 2 1 
yields the mass and the uncertainty in the mass of the 
unknown. 
(m ± t.m ) 
u = 
( 2 . 32 ) ( 1. 990 )( 1. 0) ( 1. 101)( 0 .2790 ) [ 1 :!: 
1/(0 . 025) 
2 + 
2 . 32 
+ ( 0.001) 2 + 
1 . 101 
(m ± ~m)u = 1.4 ~± 1/i.15 
+ 2 . 0 x io-3 
(m + t.m ) = 1. 4 ± 0 .1 ug 
u 
( 0 .058) \ 
1 . 990 
( 0 .045) 
2 
1 .0 
(0 .0001) 
2 
0 . 2790 J 
x 10- 4 + 8.5 x l o-4 
+ 1.0 x i o-6 + i. 28 x io-~ ] 
To find the concentration in ppm, the mass of the 
i mpurity is divided by the mass of the crystal. 
mu 
[ 1 ± ~~~) 2+ 2 ] ± ( Ll:: ) ppm £\ppm = ms 
= 1.4 [ 1 ± J(~) 2+ (0.00011 2 ] 
0.243 1.4 0 . 243 
(.42) 
( 43 ) 
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[ io-7.1 5 .9 1 + ../2 . 1 x lo- 3 + 1.7 x -
±- .6,ppm 5 .9 + 0 . 3 ppm = -
Equations 42 and 43 show that the largest uncertainties 
in order of decreasing size are in the determination of the 
flux r atio, the peak area ratio, and the mass of the 
standard . The uncertainty in the determination of the flux 
r atio, which is about ten times larger than the other two, 
has been shown to be comprised of two things : 
1) A contribution from the uncertainty in the location 
of the two flux calibration standards with respect to the 
magnesium oxide crystal ; 
2) A contribution from the uncertainty in the full-
ener gy peak areas . 
The operational characteri~tics associated with a 
.particular detector, analyzer, and data hand l ing system 
are also possible sources of error which are hard to 
evaluate . Since t he same system was used for each associ -
a ted pair of experiments , each of which is complete in it-
self, this error is assumed to cance l . Since there was no 
evidence that this uncertainty should be considered, it was 
neglected. 
Summa rizing the error analysis , it appears t hat the 
l argest sources of uncertainty in the qualitative analysis 
are interfering full-energy peaks at approximately the same 
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ener gies , peaks too small to be statistically significant , 
i mpr oper ca l ibration and contamination prior to irradiation . 
The chances for error are i ncreased as the sensitivi t y l imit 
i s approached . Quantitatively, the largest sources of uncer -
t ainty listed in descending order are in the deter mination 
of t he flux r atio between the sample and standard, the full -
ene r gy peak area, and the mass of the standard . Since about 
ha lf of the uncertainty i n the f l ux ratio comes from the 
unce r tai nty i n the peak areas used, improvement in this 
f actor wi l l do much to i mprove the accuracy of the quantita-
tive ana l ysis . Another suggestion is to rotate the samples 
about one another during i rradiation exposing both to the 
same f l ux a nd eliminating t he uncertainty in the flux ratio 
al together . 
Three recommendations for f urther study are : 
1) Deve l op a more accurate method of determi ning the 
ful l - ener gy peak a r eas . 
2) Eliminate the f lux gradient by rotating the sample 
during i rradiation or by some other technique . 
3) Deve l op a technique for the analys i s of the 
ca~ c ium, a common impuri ty in magnesium oxi de , and other 
shor t lived activities . 
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CHAPTER VII . SUMMARY 
A technique for the qualitative and quantitative non-
destructive analysis of a solid magnesium oxide specimen has 
been developed . The ability to quantitatively determine 
trace impuritie s in the ppb range using specimens i n an "as 
i s 11 form has been shown . 
The technique utilizes neutron activation and gamma ray 
spectrometry to detect impurities whose half - lives are 
greater than one hour . Comparitor techniques are used for 
t he quantitative analysis and have been shown to give an 
accuracy of ± 5%. A detailed error analysis is given . 
A comparison of the value of the Ge (Li) versus the 
NaI(Tl) detector system and between the qualitative results 
u sing activation analysis and emission spectroscopy is made . 
The technique as deve loped has two obvious shortcomings . 
First , isotopes whose activi ties have half-lives on the same 
order of magnitude as the magnesium matrix could not be 
detected and second, the technique i s time consuming . A 
minimum of four weeks must be allowed for a complete quali -
t ative and quantitative analysis . 
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APPENDIX A. ICPEAX 
"ICPEAX-7 11 1 is a FOR'I1RAN IV program written for the IBM 
360/65 computer. I t automatically de t ec t s full-energy peaks 
in Ge (Li ) spectra, determines the peak pa rameters, and can 
p lot the spectra . While the program was designed to be used 
with the Ge (Li ) detector , it also works with the NaI (Tl ) 
detector . 
The input for "ICPEAX" is 1600 or less channels of r aw 
da t a punched on cards . The program detects full-energy peaks 
by analysis of a smoothed second derivative of the spectrum. 
All negative minima are considered fu11-energy peaks if two 
conditions are met : The width of the peak must be between 
3 t o 15 channels, while the magnitude must be at least 0.35 
t imes t he standard deviation. After this preliminary search , 
t he r esults of which are printed, a gaussian fit i s attempted 
.on all peaks . The f ull- energy peak background is appr oxi-
mated by a s t r a i ght l ine subtracted before the anal ysis . At 
th is point the peaks are checked fo r a gauss i an fi t u sing 
e ssenti a lly the program written by Heath ( 18 ) . The peaks 
a·re c onsidered real only i f they satisfy t he gau ss i an fit 
rout i ne . 
The pr ogram uses t he coefficients of t he linear and 
quadr at i c calibration l ines of the detector to ass i gn 
1Hau stein , Peter, Ames Lab , Ames , I Oi·ra . I CPEAX- 7 . 
Private communication . 1969 . 
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energies to each of the peaks it considers real . The 
foll owing information about each real peak is printed : 
location ( Kev ), standard_deviatlon, width, he i ght , area, 
s tandard deviation of the area, line slope , line intercept , 
fi t, and the energy (using both l i near and quadratic cali-
brations ). In a ddition, the program will yield either a l og 
or l inear plot of t he spectrum on which each of the peaks 
is labeled with its appropriate energy ( quadrat ic cali-
bration ). 
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APPENDIX B. PRESTO 
11 PREST0 111 is a FORTRAN IV program written for the IBM 
360/65 computer which converts data in the form of IBM 7-
track magnetic tape to punched card format and/or listed 
data on the computer output . Data in the form of punched 
paper tape from the multichannel analyzer system is first 
recorded onto magnetic tape. This tape is then submitted 
to the computer with the program to obtain list i ngs and 
decks of the data. The program was originally written for 
1600 channel spectra but has been modified to accept 256 , 
512, and 1024 channel spectra . Now, as before , the program 
will accept any number of such spectra . For each data set 
either listings, card decks, or both may be obtained from 
the program . If errors occur during the transfer of the 
data from tape to cards or l i stings , the program indicates 
the type of error on the computer output. 
1Haustein, Peter, Ames Lab, Ames, Iowa . PRESTO . 
Private communication . 1969 . 
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APPENDIX C. ELEMENTS AND REAGENTS 
Specifications of Elements and Reagents 
Used as Standards 
1 . Ammonium Hydroxide (NH40H) 
Manufacturer .. . Allied Chemical Corporat ion 
Ana l ysis ..... Ma teria1 
Cl 
I • 
Fe 
2 . Antimony ( Sb ) 
Form .. . ... . Sb2o3 
Manufacturer . . . Baker Chemical Company 
Ana lysis . .... Material 
Cl 
Heavy Metal (Pb) 
Fe 
3. Barium (Ba ) 
Form . . . . . .. Ba02 
0 . 00005 
0 . 00004 
0 . 0001 
0 . 00005 
0 . 000010 
99 , 7 
0 . 01 
0 . 10 
0 . 015 
0 . 001 
0.01 
Manufacturer . . Allied Chemical Corporation 
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Analysis . . . . .Materia l ~ 
Fe 0 . 03 
Pb 0.002 
Cl 0.01 
Ca 1.0 
4. Cale ium ( Ca) 
Form .. .cao 
Manufacturer . . Mallinckrodt Chemical Works 
Analysis .... . Material 
Pb 
Cl 
Fe 
5 . Cesium ( Cs ) 
Form . . . . . . . CsN03 
Source . . . .. . Ames Lab 
0.01 
0 . 005 
0 .10 
1.0 
0 . 05 
0.1 
Analysis . . . no specifications given 
6. Chromium (Cr) 
Form . ... .. . Cro3 
Manufactur e r . . . Baker Chemical Company 
Analysis . ... . Material 
Cro3 
Insolubles 
99.1 
0.005 
7 . Coba l t (Co ) 
Form . .. 
Source . 
Ana lysis . 
8 . Copper ( Cu ) 
1 36 
Material 
Fe , Al, Ba 
. .metal foil 
.Ames Lab 
. . pur ity grade 
Form . .. . . .. CuO (powder ) 
Manufacturer . .. Baker Chemical Company 
Ana l ysis . . .Material 
Insol ubles 
Cl 
N03 
S04 
Fe 
9 . Glac i al Acetic Acid (cH3COOH ) 
Manufacturer . .. Dupont Chemical Company 
Ana l ysis . ... . Materi a l 
Cl 
S04 
Fe 
Heavy Metal (Pb ) 
% 
0. 003 
0. 050 
0. 003 
0. 004 
0.015 
% 
0 . 01 
0.005 
0 . 001 
0 . 0 1 
0.06 
0 . 00005 
0 . 00005 
0 . 00002 
0 . 00005 
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10. Hydrofluoric Acid (HF) 
Manufacturer . 
Analysis ... 
. Mallinckrodt Chemical Works 
. Material 
As 
Cl 
H2SiF6 
Heavy Metal (Pb ) 
Fe 
P04 
S04 
so3 
0 . 000005 
0 . 0005 
0.01 
0 . 00005 
0 . 0001 
0 . 0001 
0 . 0001 
0 . 001 
11 . Hydrogen Peroxide (H202) 
Manufacturer . .. Baker Chemical Company 
Analysis . . .. . Material % 
12 . Iron (Fe ) 
Form .. 
Source . . 
Analysis. 
H202 30 
Cl 0 . 0003 
N 0. 0008 
P04 0 . 010 
Pb 0 . 00005 
Fe 0 . 00001 
Cu 0 . 00002 
Ni 0 . 00002 
.metal 
. Ames Lab 
. purity grade 
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13 . Manganese (Mn) 
Form ... . Mn02 
Manufacturer. 
Analysis . 
. Mallinckrodt Chemical Works 
. . Material 
Mn02 
Alkalis and Earths 
Cl 
Insolubles 
N03 
S04 
14. Molybdenum Trioxide (Moo3 ) 
Manufacturer ... Baker Chemical Company 
Analysis ..... Material 
15 . Nickel ( Ni ) 
F orm .... 
Mo03 
I nsolubles 
Cl 
N03 
P04 . 
S04 
NH4 
Pb 
Manufacturer . . . Baker Chemical Company 
% 
99 , 5 
0 . 2 
0 . 01 
0 . 05 
0 . 05 
0 . 05 
99,5 
0 . 002 
0 . 001 
0 . 003 
0 . 0002 
0 . 01 
0 . 008 
0 . 002 
Analysis. 
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.Material 
Insolubles 
Cl 
N03 
Pb 
Cu 
Co 
Fe 
Alka lis and Earths 
16 . Nitric Acid (HN03) 
Manufacturer . . . Bake r Chemical Company 
Analysis .. ... Mate rial 
17. Phosphoric Acid 
Pb 
Fe 
Cr 
Ni 
Manufac turer ... Baker Chemical Company 
Analysis . . . . None given 
0 . 003 
0 . 0003 
0 . 005 
0 . 001 
0 . 001 
0 . 06 
0 . 001 
0 . 20 
70 . 0-71 
0 . 000008 
0 . 00008 
0 . 0000005 
0.00001 
0.00001 
0 . 00001 
0.00002 
0.000005 
0.000005 
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18 . Scandium ( Sc ) 
F orm . . . . . . metal 
Source . . . . Ames Lab 
Ana l ysis . . . purity grade 
19 . Sulfur ic Acid 
Manufacturer . . .Bake r Chemi ca l Compa ny 
Ana lys i s . . . . . Material % 
Cl 0.00001 
N03 0 . 00005 
NH4 
0 . 0001 
S04 0 . 0001 
As 0. 00001 
Pb 0 , 0001 
Fe 0 . 00001 
Cu 0 . 00005 
Ni 0 . 00005 
·20 . Titanium (Ti ) 
Form . . . . . . . Ti02 
Manufacturer . . . Matheson, Co l eman , and Bell, Inc . 
Ana lys i s . . . . Mate ria l % 
As 0. 0002 
Fe 0.01 
Pb 0 . 02 
Zn 0 . 01 
\ 
141 
APPENDI X D. EXPERIMENTAL EQUIPMENT 
Make , Model, and Serial Number 
of the Experimental Equipment 
Description 
Output typewriter 
and paper tape 
punch 
Te letype drive 
Master control 
Analog to digital 
Tape transport 
Reduce/integrate 
unit 
Memory 
Oscilloscope 
High vo ltage 
power supply 
Preamp, amp, and 
discriminator 
Preamp 
Ampl ifier 
Ge (Li) detector 
NaI (Tl ) detector 
AEC bin and 
power supply 
6V power supply 
Make 
Te l etype 
Nuclear Data 
Nuclear Data 
Nuclear Data 
Nuc l ear Data 
Nuc l ear Data 
Nuclear Data 
Model no . 
33TC 
2200 
2200 
Hewl ett Packard H77-120B 
Nuclear Data 
Nuc l ear Data 
ORT EC 
ORT EC 
ORT EC 
Harshaw 
Nuc l ear Data 
Nuclear Data 
537 
520 
118A 
435 
8201-0335 
12Sl2 
510 
Serial no . 
67-33 
67-168 
67-232 
67-14 
67- 4 
67-141 
601-111~-0 
67-39 
66-204 
625s 
82 
9 -P421 
DE354 
711150 
67-147 
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Descri ption Make Model no . Serial no. -
High voltage Fluke 405B 1692 
powe r suppl y 
Electr ometer Ke i th l ey 610B 34819 
a nd 1000 : 1 pr obe I nstruments 
